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Thesis Abstract 
Small mammals in many desert regions persist in highly variable and extreme 
environments. In particular, many species occur in areas where inter-annual rainfall variability is 
high, resulting in long dry periods that last a decade or more and are interrupted by short periods 
of high rainfall that stimulate large pulses of primary production. These resource pulses provide 
increased food resources for many small mammal species, whose populations subsequently 
increase in abundance and area of occupancy, or irrupt, by in situ reproduction, migration, or 
both. Once the high rainfall period ends, the landscape dries and small mammal populations 
decline due to a combination of food resource depletion, increased predation pressure and 
stochastic disturbances. These “boom and bust” dynamics have been widely studied in many 
desert regions. However, less is known about how species persist through the prevailing long, 
dry periods. These periods last longer than the life-span of many desert-dwelling species. 
Therefore, these species must be able to access sufficient resources to allow them not only to 
survive, but also reproduce during these times. 
My research focused on drought refuges; one strategy by which small mammal 
populations, particularly those with irruptive population dynamics, persist throughout the long 
dry periods characteristic of desert environments. Drought refuges (hereafter referred to as 
refuges) are discrete areas of the landscape that have a more consistent supply of food or shelter 
resources, respite from threatening processes, or a combination of these. Refuges are a subset of 
the area that a species occupies during population irruptions, and are relatively small and isolated 
from each other. I studied the refuge-use of the plains mouse, Pseudomys australis, a threatened 
Australian rodent (Family Muridae) that inhabits cracking clay areas in stony desert landscapes 
during dry periods. Specifically I aimed to gain some insight into the temporal population 
 xiv 
 
dynamics and spatial ecology of P. australis during a time when populations were expected to be 
confined to refuge habitat, and gain some insight into the location of P. australis in the landscape 
in relation to food and shelter resources.  
I first studied the spatial and temporal dynamics of P. australis during a dry period when 
populations were expected to be confined to refuges. The capture rate of P. australis fluctuated 
substantially over the study period, and was related positively to antecedent rainfall 5 – 6 months 
prior to live-trapping. An interactive effect between capture rate in the cracking clay in the 
previous trapping session and land type suggests that density-dependent habitat selection occurs. 
Specifically, P. australis appears to preferentially occupy areas of cracking clay until densities 
increase, subsequent to which individuals move and occupy stony plain habitat more frequently. 
In situ reproduction occurred in P. australis populations during the study period, but 
reproductive activity appeared to decline at higher population densities. I could not determine 
whether the population increase was due solely to in situ reproduction or if migration also played 
a role. Known and suspected predators of P. australis were detected during spotlighting surveys 
and on camera-traps within and around refuges, and had increased by the end of the study. The 
capture rate of P. australis had declined by the end of the study may have been due to increased 
predation pressure, food resource depletion or inundation by water of the cracking clay plains. 
While initial study concerned the spatial and temporal dynamics of P. australis at the 
population level, I next investigated the spatial ecology of P. australis at the scale of individuals. 
Radiotracking of P. australis revealed small short-term home ranges (1.35 ± 0.56 ha) that were 
entirely within the cracking clay. Within their total ranges, all individuals had a distinct core 
area, and while there was substantial overlap between the total ranges of individuals, there was 
little overlap between core areas. The core area of each home range was centred on 1 – 2 
 xv 
 
frequently used burrows. Sub-surface soil cracks used by tracked individuals were deeper and 
wider, and used less frequently than burrows. These results indicate that, while burrows are used 
more frequently than cracks as shelter, cracks may provide important shelter to escape immediate 
threats such as predators encountered while foraging. 
Chapter 3 highlighted the importance of burrows and cracks as shelter resources for P. 
australis and previous studies have identified that P. australis is herbivorous, predominantly 
consuming seeds, with some stems, leaves and invertebrates. To distinguish the relative 
importance of these resources, I next undertook surveys of vegetation cover and cracks 
simultaneously with live-trapping to understand how the availability of food (vegetation) and 
shelter (cracks) resources influenced the occurrence of P. australis during a dry period. I found 
that the occurrence of P. australis was consistently and most strongly influenced by the presence 
of cracks. Food resources were also important, but the direction and strength of influence varied 
through time. The presence of cracks did not change substantially over the study period, whereas 
the cover of grasses and ephemeral forbs, both food resources for P. australis, differed. These 
results suggest that the refuges of P. australis are characterised by shelter resources, which are 
consistently available during dry periods. 
Drawing upon the understanding of P. australis population dynamics and refuge 
characteristics developed above, I next undertook mapping of the occurrence of P. australis 
during a dry period. I derived mineral indices from remotely-sensed multispectral imagery. 
Mineral indices correlated well with field measurements of soil texture, rock cover and crack 
density, which indicated that the indices were useful to map the main mineralogical features of 
the study area. I combined the results of camera-trapping surveys of P. australis and remotely-
sensed mineral indices with a species distribution modelling approach to map the potential 
 xvi 
 
occurrence of P. australis. I used model comparison to determine which mineral index 
combinations were most useful to determine refuge areas. The highest ranking model included 
ferric oxide content (which was high in stony plain areas), ferric oxide composition (correlated 
positively with sand content) and aluminium hydroxide content (which includes minerals with 
shrink-swell properties). Predictions from the top models were projected onto a topographic map 
and corresponded well with the known distribution of P. australis across the study area. 
Australian mammals, particularly desert-dwelling species, have suffered high extinction 
rates since European colonisation, and developing effective conservation measures for those that 
remain is crucial for their persistence. The research presented in this thesis contributes to 
knowledge of how small mammals persist during dry periods in desert environments, and 
demonstrates the more nuanced variation that occurs within dry periods. Understanding the 
important characteristics of drought refuges and where they occur in the landscape allows 
conservation management to be targeted to areas where species have the highest chance of 
persistence during periods when populations are at their lowest abundance and potentially most 
vulnerable.
Chapter 1. General Introduction 
   1 
 
Chapter 1. General Introduction 
Irruptive species inhabit a wide range of environments across the globe in arid 
(Dickman et al. 1999, Shenbrot et al. 2010, Thibault et al. 2010), temperate (Tokushima et al. 
2008), tropical (Madsen & Shine 1999, Byrom et al. 2014) and tundra areas (Ims et al. 2011). 
Species are generally described as having either regular population cycles, whereby irruptions 
are cyclic and relatively predictable in time (e.g. Ekerholm et al. 2001, Fauteux et al. 2015), 
or irregular, whereby irruptions are aperiodic and relatively unpredictable (e.g. Dickman et al. 
1999, Lima et al. 1999a). The reasons why these species explode to high densities within a 
short period of time before disappearing just as quickly, either through migration or 
mortality, have intrigued researchers for a century or more (Howell 1923, Elton 1924, 
Plomley 1972, Dickman et al. 1999, Gutiérrez et al. 2010).  
Desert environments, both arid and semi-arid, are characterised by climatic extremes 
and high variation around means for both rainfall and temperature. Rainfall in desert 
environments is usually low but can be particularly variable, with prevailing dry periods 
interrupted by occasional periods of high rainfall (Nicholson et al. 1990, Hereford et al. 2006, 
Morton et al. 2011, Eckardt et al. 2013). Periods of high rainfall are rare and, in some 
systems, may occur only once a decade (Jaksic & Lima 2003, Bureau of Meteorology 2018). 
These high rainfall events trigger increased primary production, which represents a resource 
pulse for primary consumers (Schwinning & Sala 2004, Letnic et al. 2011). In response to 
this resource pulse, primary consumer populations subsequently increase (Lima et al. 1999a, 
Letnic et al. 2011, Pavey & Nano 2013). When the landscape dries out and prevailing dry 
conditions return, resources deplete and the primary consumer populations follow. While the 
ecosystem responses to these extreme events are relatively well known, there have been 
fewer studies investigating how populations persist during the prevailing dry period. Given 
that dry periods can last up to a decade, populations must be able to access adequate 
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resources to enable reproduction and survival (Newsome & Corbett 1975, Pavey & Nano 
2013). One strategy that has been the focus of recent research is the use of drought refuges, 
which are small areas of the desert landscape, and subsets of a species range during 
irruptions, that are hypothesised to have a more consistent supply of resources and/or provide 
respite from threatening processes during dry periods (Newsome & Corbett 1975, Pavey et al. 
2017). The research presented in this thesis investigates the refuge use of an exemplar 
species, the plains mouse Pseudomys australis, during a dry period in a stony desert 
landscape of the southern Northern Territory, Australia. 
THE EFFECTS OF RAINFALL ON DESERT ECOSYSTEMS 
Deserts are defined by low rainfall and high potential evapo-transpiration. Rainfall 
becomes increasingly variable with increasing aridity and in areas that are influenced by 
climatic phenomena such as the El Niño – Southern Oscillation (ENSO) (Nicholls & Wong 
1990, van Etten 2009). Four desert regions in particular experience high inter-annual rainfall 
variability: northern Australia (north of 27° South), Somali, Indian Thar and Kalahari-Namib. 
These regions are all low latitude, mostly sub-tropical deserts, with summer dominated 
rainfall (van Etten 2009). Periods of low rainfall predominate in many desert regions and 
these are interrupted by occasional shorter periods of high rainfall (Nicholson et al. 1990, 
Hereford et al. 2006, Morton et al. 2011, Eckardt et al. 2013). Throughout the year, 
particularly during dry periods, rainfall in deserts generally occurs in small, discrete and 
localised events that are of very short duration relative to the periods of no rainfall between 
them (Noy-Meir 1973), whereas, during periods of high rainfall, storm events are larger and 
more connected (Dunkerley & Brown 1995, Nano & Pavey 2013).  
The largely unpredictable nature of rainfall in deserts produces uncertainty in levels of 
productivity to which consumer organisms inhabiting these regions must have adapted over 
evolutionary time. The most obvious and well-studied effects of rainfall on desert ecosystems 
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are those that occur during the rare, large magnitude rainfall events that disrupt the prevailing 
dry periods (e.g. Newsome & Corbett 1975, Lima et al. 1999b, Greenville et al. 2012, Pavey 
& Nano 2013). Periods of high rainfall elicit widespread ecosystem responses that permeate 
through the trophic levels (Schwinning & Sala 2004, Letnic et al. 2011). Primary production 
is high during these times, with widespread germination and growth of ephemeral grasses and 
forbs, as well as longer-lived species (Watson et al. 1997b, Gutiérrez et al. 2000, Nano et al. 
2013, Nano & Pavey 2013).  
Increased soil moisture during high rainfall events produces a resource pulse for 
plants, and increased plant growth and germination, in turn, represents a resource pulse for 
primary consumers (Noy-Meir 1973, Schwinning & Sala 2004). Populations of primary 
consumers increase in response to these resource pulses via in situ reproduction and increased 
survival, migration to areas where the resources are located, or a combination of these 
(Bennett 1976, Dickman et al. 1999, Lima & Jaksic 1999, Dean et al. 2009, Tischler et al. 
2013). Populations of higher-order consumers that prey on the primary consumers 
subsequently increase in response to pulses in their food resource base (Newsome & Corbett 
1975, Meserve et al. 2003, Pavey et al. 2008). Following the high rainfall period, as the 
landscape dries out, the pulse of vegetation depletes (Noy-Meir 1973). Primary consumer 
populations crash abruptly as a result of resource depletion potentially interacting with high 
consumer densities, heightened predation pressure and other stochastic events, such as fire, 
and declines in the populations of higher order consumers follow (Previtali et al. 2009, Letnic 
et al. 2011, Breed et al. 2017). 
While many studies focus on population and ecosystem responses to extremes in the 
rainfall continuum, more nuanced variation in species' population dynamics is likely to occur 
within intervening dry periods. Discrete categorisation of high versus low rainfall is possible 
and appropriate in some cases, but can be somewhat simplistic, as rainfall event sizes and 
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corresponding biotic responses exist on a continuum (Watson et al. 1997a, Schwinning & 
Sala 2004, Nano & Pavey 2013). Threshold amounts of rainfall required to stimulate the 
growth and reproduction of desert-dwelling organisms depend on their specific requirements. 
For example, small and isolated (i.e., separated in time) rainfall events (e.g., < 3 mm) will 
likely only trigger nutrient fixation or metabolic activity of soil micro-organisms (Austin et 
al. 2004). Shallow-rooted plant species will be able to make use of rains that infiltrate just 
below the soil surface (Noy-Meir 1973, Beatley 1974, Schwinning & Sala 2004). Small 
events of < 5 mm may be effective for shallow-rooted species, but this likely depends on 
plant species traits, temperature and soil characteristics (see discussion in Reynolds et al. 
2004). In contrast, significant growth and germination of deeper-rooted perennial plants is 
more likely following higher and more temporally-connected rainfall events (Beatley 1974, 
Watson et al. 1997b, Nano et al. 2013).  
The temporal connectivity of rainfall events and season of rainfall also influence the 
response of vegetation (Noy-Meir 1973, Reynolds et al. 2004, Nano & Pavey 2013). More 
temporally-connected rainfall events increase soil moisture content and prolong the period of 
vegetative growth. This leads to larger responses from vegetation, and varying responses 
from different plant functional types (Noy-Meir 1973, Reynolds et al. 2004). Seasonal 
differences in the effectiveness of rainfall events and the vegetative responses they elicit are 
related to seasonal rainfall biases, temperature and photoperiod (Noy-Meir 1973, Chesson et 
al. 2004, Reynolds et al. 2004, Schwinning & Sala 2004). For example, in arid and semi-arid 
Australia, longer-lived native grasses respond to summer rainfall pulses, whereas shorter-
lived native forbs respond to winter rainfall pulses (Clarke et al. 2005, Nano & Pavey 2013). 
Rainfall connectivity and season therefore act together with rainfall amount to increase 
variability in the response of vegetation.  
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The effectiveness of a rainfall event is also related to soil texture, among other factors 
(Reynolds et al. 2004). Differences in soil texture and the way this influences soil moisture 
availability affect productivity and plant assemblage composition (Sperry 2002, Whitford 
2002, Squeo et al. 2007, Nano & Pavey 2013). Soil texture influences infiltration depth and 
soil moisture loss via evaporation. According to the inverse texture hypothesis, water 
infiltrates to a greater depth in sandy soils, relative to finer soils, where much moisture 
evaporates from the surface and upper soil layers (Noy-Meir 1973, Sala et al. 1988, Reynolds 
et al. 2004). During times of average or low rainfall vegetation in sandy soils responds to 
smaller rainfall events faster than vegetation in clayey soils, but during higher rainfall periods 
this relationship can reverse due to the higher water holding capacity of clayey soils (Sala et 
al. 1988, Nano & Pavey 2013).  
This finer scale variation in rainfall and resource availability is also likely to influence 
the magnitude of primary consumer, and subsequently predator, population responses. 
Isolated pulses of rainfall are likely to stimulate short reproduction events and immigration to 
areas with favourable resources, and subsequent localised population increases (Newsome & 
Corbett 1975, Lima et al. 2008, Pavey & Nano 2013, Tischler et al. 2013). Additional factors, 
such as density-dependence and seasonality, may also influence the outbreak dynamics of 
desert-dwelling species (Lima et al. 1999a), and these are also likely to operate during dry 
periods. Given that the life-span of many species will be less than the time between major 
resource pulses, these smaller reproductive events are likely to be important for ensuring the 
persistence of populations during times of resource scarcity (Newsome & Corbett 1975, 
Pavey & Nano 2013).  
SMALL MAMMAL RESOURCE USE IN DESERT LANDSCAPES 
Small mammals in desert environments have behavioural or physiological adaptations 
for dealing with climatic extremes and resource scarcity. As well as experiencing great 
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temperature maxima, in some deserts the winter season brings extreme cold. For example, in 
the Gobi Desert in the interior of Asia, temperatures can vary from – 49 °C in winter to + 40 
°C in summer (Pfeiffer et al. 2003). In Australia, overnight temperatures during winter can be 
< 0 °C, and daytime summer temperatures can be > 50 °C (Bureau of Meteorology 2018). 
Small mammal species in regions experiencing these extremes in temperature often shelter in 
burrows or crevices that are more thermally stable than the surface environment (Kay & 
Whitford 1978, Bulova 2002, Andino et al. 2016, Waudby & Petit 2017). The presence of 
suitable shelter sites can be driven by soil types suitable for burrowing, rocky outcrops with 
crevices, or even the presence of vegetation under which to shelter (Du Plessis & Kerley 
1991, Schradin & Pillay 2004, Partridge 2008). While the different shelter types can differ in 
their ability to buffer thermal extremes (e.g. Du Plessis et al. 1992), they may be associated 
with areas of higher food resource availability or provide more adequate protection from 
threats, such as predation and fire (Lawrence 1966, Mandelik et al. 2003, McDonald et al. 
2018). These findings suggest that shelter resources are vital for the persistence of small 
mammals inhabiting desert environments. 
Species inhabiting unpredictable environments have adapted over evolutionary time 
to not only persist, but reproduce through long dry inter-pulse periods. Small mammal 
reproduction and survival are dependent on access to adequate food resources, including 
plants and invertebrates (Brown et al. 1979, Fisher & Dickman 1993, Kronfeld-Schor & 
Dayan 1999, Murray et al. 1999). The availability of these resources is often linked to 
rainfall, as well as temperature and season (Hunter & Melville 1994, Polis et al. 1998, 
Langlands et al. 2006, Nano & Pavey 2013, Kwok et al. 2016). As discussed above, soil type 
and localised rainfall can also influence the spatial distribution of vegetation and how plants 
respond to rainfall, and these can also interact with topography, and plant cover and biomass 
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(Reynolds et al. 2004). This means that food resources are often clumped in distribution, both 
spatially and temporally, in desert environments, particularly during dry periods. 
DROUGHT REFUGES 
Recent research has focused on how and where small mammal species, particularly 
Australian desert rodents, persist in the landscape during dry periods (Milstead et al. 2007, 
Dickman et al. 2011, Pavey et al. 2014, McDonald et al. 2015). At the population scale, small 
mammals are thought to either persist at low densities across the landscape or concentrate 
into smaller areas of the landscape where their necessary resources are relatively consistent 
through time; drought refuges. Drought refuges (hereafter referred to as refuges) are 
hypothesised to have intrinsic properties that drive their location such as important food or 
shelter resources that promote population persistence through long dry periods, or provide 
respite from some threat/s that is operating in the surrounding landscape (Newsome & 
Corbett 1975, Morton 1990, Dickman et al. 2011, Pavey et al. 2017).  
Refuges were first discussed in detail for Australian arid zone rodents by Newsome 
and Corbett (1975). These authors suggested that refuges are distinctive habitats that are 
uncommon in the landscape and that, while areas of fixed habitat are likely to provide refuge, 
actual refuges may shift through time depending on the spatial variability of rainfall. Morton 
(1990) built upon this definition when assessing the decline of medium-sized mammals (35 – 
5500 g) in arid Australia, and suggested that refuges for mammals were driven by the 
concentration of moisture in the landscape, for example, as in ephemeral riverine areas. 
Milstead et al. (2007) also identified areas with higher moisture content (aguadas) as being 
refuges for small mammals, particularly Octodon lunatus and Abrocoma bennetti, as they 
support greater vegetation cover that provides resources outside resource pulses. Brandle and 
Moseby (1999) and Pavey et al. (2014) build on the refuge concept for the plains mouse, 
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Pseudomys australis, in the stony deserts of Australia, and this is discussed in more detail in 
the following section. 
Several studies have investigated the temporal and spatial dynamics of small 
mammals in the sandy deserts of Australia, which are dominated by Triodia hummock 
grasslands (e.g., Southgate & Masters 1996, Dickman et al. 1999, Dickman et al. 2011). 
Many small mammals inhabiting these regions, such as the Simpson Desert, do not show 
strong habitat associations, and it is thought that food availability is a stronger driver of 
spatial distribution (Letnic et al. 2004). In this landscape it is predicted that the ability to 
undertake long-range movements allows individuals to locate patches of high food 
availability resulting from localised rainfall events (Dickman et al. 1995). On investigating 
the spatial dynamics of small mammals during a dry period, Dickman et al. (2011) found that 
the role of woodland patches as refuges was only partially supported for one species, 
Pseudomys hermannsburgensis, which used this habitat type disproportionately often 
compared to its availability. However, when movement data were inspected in finer detail for 
Notomys alexis, this species was found to spend 4 – 5 days around an isolate or small stand of 
tall shrubs within the hummock grassland landscape before moving to a different stand, 
potentially kilometres away (Dickman et al. 2011). The short time-frame of use of these areas 
indicates that important resources are highly variable in time and that these stands may 
represent temporally variable, or shifting, refuges (Pavey et al. 2017) such as those suggested 
by (Newsome & Corbett 1975).  
Pavey et al. (2017) further refined the concept of refuges as applied to irruptive 
species. They recognised that refuges are likely to be species-specific, with an emphasis on 
populations as opposed to individuals, and provided the definition that refuges are “a subset 
of the potential range of a species with irruptive population dynamics where a viable 
population persists through the low phase of the population cycle”. Pavey et al. (2017) also 
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proposed a typology with two overarching refuge types; fixed refuges and shifting refuges. 
Fixed refuges have intrinsic properties that make them suitable for longer periods of time 
(usually years to decades) than the surrounding landscape. Although it is acknowledged that 
the suitability of these may vary within and between dry periods, fixed refuges are in 
predictable locations that are used consistently through time. The intrinsic attributes of 
shifting refuges are more variable (e.g., food resources linked to localised rainfall events) 
and, as such, these areas are more suitable than the surrounding landscape for shorter periods 
(weeks to months) than fixed refuges. Whether the refuges of a species are fixed or shifting, 
they are small, often isolated areas of the landscape and contain populations that are highly 
vulnerable to threats and stochastic processes. Identifying refuges and understanding the 
species-specific drivers of their use will enhance the potential for targeted and effective 
management of populations when they are likely to be highly vulnerable (Pavey et al. 2017). 
PSEUDOMYS AUSTRALIS 
The plains mouse, Pseudomys australis, is a threatened desert rodent with irruptive 
population dynamics. Once widespread across arid and semi-arid Australia, P. australis is 
now known only from the stony deserts of South Australia and the southern Northern 
Territory (Breed & Head 1991, Brandle et al. 1999, Pavey et al. 2014), and was recently 
recorded in western New South Wales (Leggett et al. 2018). Prior to the publication of Watts 
and Aslin (1981), specimens had been classified under the specific names minnie, rawlinnae, 
australis and auritus; however, these authors included specimens from all four species within 
P. australis. Under current taxonomy, P. auritus and P. australis are considered to be 
separate, full species (Burbidge et al. 2014).  
Records suggest that, prior to European settlement, P. australis inhabited a range of 
habitats from west of the Great Dividing Range in Queensland and New South Wales to the 
Nullarbor Plain in Western Australia (Watts & Aslin 1981). Currently, P. australis is known 
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to occur from the southern Northern Territory in the north of its distribution, south through 
the stony deserts west of Lake Eyre to Pernatty Station, and east into western New South 
Wales (Moseby 2012, Pavey et al. 2014, Letnic et al. 2016, Leggett et al. 2018). This 
significant decline in the distribution of P. australis led to the species being listed as 
Vulnerable under the Commonwealth Environment Protection and Biodiversity Conservation 
Act (EPBC Act) 1999, consistent with its categorisation on the IUCN Red List (Moseby 
2012, Burbidge & Woinarski 2016).  
Pseudomys australis populations irrupt following large resource pulses triggered by 
periods of high rainfall (Pavey & Nano 2013, Pavey et al. 2014). The diet of P. australis 
consists predominantly of plant matter (Watts & Aslin 1981, Pavey et al. 2016). At my study 
area, dietary composition varies through time, but forb and grass seeds consistently form the 
main component of the diet of P. australis followed by leaves and stems and usually small 
numbers of invertebrates (Pavey et al. 2016). Therefore, the large pulses of primary 
productivity associated with high rainfall periods represent a substantial increase in food 
resources for P. australis. Reproduction appears to be opportunistic, whereby breeding and 
survival increase in response to rainfall-driven pulses of primary productivity, as opposed to 
seasonal (Brandle & Moseby 1999, Pavey et al. 2014). Additionally, there is no influence of 
the presence of suckling pups on interbirth intervals for P. australis (Breed 1989). Together, 
these observations suggest that P. australis has the ability to produce successive litters while 
conditions are favourable. High reproductive output, coupled with increased survival rates, 
provide the potential for P. australis populations to increase exponentially during times of 
high food availability.  
High rainfall periods, and the corresponding resource pulses that follow, generally last 
1 – 2 years in the Australian arid zone (Nicholls 1991, Dickman et al. 2010, Nano & Pavey 
2013). Following the cessation of the high rainfall period, P. australis populations decline 
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(Brandle & Moseby 1999, Pavey et al. 2014). Declines of irruptive small mammals following 
resource pulses are expected to be largely attributed to the depletion of rainfall-driven food 
resources, but increased predation pressure may also play a role (Letnic et al. 2011). 
Mammalian and avian predators of P. australis increase in response to population irruptions 
of rodents (Pavey et al. 2008) and may exert additional pressure on populations already in 
decline as a result of low resource availability.  
During irruptions, P. australis occupies a range of habitats including cracking clay, 
stony plain and sandy areas, but as populations decline they contract into cracking clay 
refuges (Pavey et al. 2014). Pavey et al. (2014) found that refuge populations occupied 17 % 
of the area occupied during an irruption. In the same study, P. australis in refuges during the 
low population phase were in good condition (measured by body mass), reached high 
densities and were reproducing. However, populations in refuges may also become 
undetectable during the driest times (Brandle & Moseby 1999). This previous research on P. 
australis provides a view of populations that are small and isolated during dry periods 
(Brandle & Moseby 1999, Pavey et al. 2014). Therefore, these populations may be prone to 
localised extinction from stochastic or demographic processes (Shaffer 1981, Gabriel & 
Bürger 1992, Lande 1993, Saccheri et al. 1998). Predators may exert substantial pressure on 
populations both following irruptions, as discussed above, and during dry periods when P. 
australis refuge populations represent a concentration of prey biomass in the landscape 
(Pavey et al. 2014). As such, P. australis refuges may be targeted by predators that occur 
within and around refuges during dry periods, exerting further pressure on already vulnerable 
populations (Brandle & Moseby 1999, Pavey et al. 2014).  
The refuges of P. australis are patches of cracking clay soil within the broader stony 
plain landscape, and are characterised by shrink-swell soils that form sub-surface cracks upon 
drying (Brandle et al. 1999, Pavey et al. 2014, Khitrov 2016). Pseudomys australis shelters in 
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these cracks, but will also construct burrows, particularly in sandy soil under shrubs (Watts & 
Aslin 1981, Brandle & Moseby 1999). Temperatures in Australia's stony deserts can be < 0 
°C in winter and > 45 °C in summer, and humidity is generally low (Bureau of Meteorology 
2018). Cracks and burrows buffer extremes in temperature and humidity that are common in 
desert environments, thereby providing a more stable climate for animals using them (Kay & 
Whitford 1978, Bulova 2002, Waudby & Petit 2017). Cracks are also likely to provide shelter 
from threats, such as introduced predators (i.e. feral cats, Felis catus, and red foxes, Vulpes 
vulpes). By sheltering P. australis from climatic extremes and other threats, cracks may 
provide protection in a landscape where sparse vegetation cover does not. 
Watts (1982 as cited in Predavec 1997) found that individuals of P. australis can live 
for 4.8 years in captivity (Watts 1982 as cited in, Predavec 1997). The life-span of P. 
australis in the wild is not well known and is probably shorter than in captivity. Nevertheless, 
the life-span of P. australis is shorter than the time between population irruptions and 
populations persist in refuges in the intervening dry period (Pavey et al. 2014). Cracking clay 
patches are moisture run-on areas in the stony desert landscape (Brandle & Moseby 1999, 
Pavey et al. 2014). It is assumed that these areas provide food resources for P. australis in the 
form of ephemeral plants following small, localised rainfall events, which promote small 
reproductive events and increased survival (Brandle & Moseby 1999, Pavey et al. 2014). 
Rainfall events that stimulate germination of food plants are likely to occur at least annually 
in the Australian stony deserts (Nano & Pavey 2013). Therefore, it is likely that these small 
increases in food resource availability are important for the persistence of P. australis refuge 
populations. 
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AIMS OF THE RESEARCH 
The overall aim of my research was to gain insight into how and where populations of 
P. australis persist in the landscape during a dry period, and to explore potential drivers of 
refuge location. The specific aims of my research were to: 
1. Understand the temporal dynamics of P. australis populations during a dry 
period (Chapter 2) 
2. Investigate the spatial ecology of P. australis during a dry period (Chapter 2, 
Chapter 3 and Chapter 5) 
3. Understand how food and shelter resources drive the location of P. australis in 
the landscape (Chapter 3 and Chapter 4) 
I studied P. australis at Andado Station in the southern Northern Territory. The study 
sites were centred on three areas of cracking clay soil. An additional survey area to the south 
of this was investigated at the beginning of the study, but P. australis was not located 
(Appendix 3). I decided to maintain the research focus on the one study area as survey 
methods were intensive and time consuming, and the location was remote. Therefore, the 
inclusion of additional study areas into the study was not logistically feasible.  
LAYOUT OF THE THESIS 
This introductory chapter provides context as to the environmental conditions and 
variability experienced in deserts and how this drives ecosystem responses, particularly those 
related to small mammal populations. I then give an overview of the concept of drought 
refuges and an introduction to what is known about the ecology of P. australis. 
In Chapter 2, I investigate the temporal dynamics and land type associations of P. 
australis over the study period, thus addressing aims 1 (temporal dynamics) and 2 (spatial 
ecology) of this thesis. In Chapter 3, I address aims 2 and 3 (resources), and investigate the 
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short-term spatial ecology and shelter use of P. australis. I aim to understand how the 
location of P. australis during dry periods is related to food and shelter resources (aim 3) in 
Chapter 4. In Chapter 5, I use soil indices derived from satellite imagery to map the location 
of P. australis refuges in the study area (aim 2). 
In Chapter 6, I provide a summary of the main findings of my research and a general 
discussion of their relevance to current knowledge and conservation efforts. I then provide 
some suggested directions for future studies. 
Chapters 2 – 5 have been written to be stand-alone published papers. Chapter 3 has 
been published (Appendix 2) and it is planned to publish Chapters 2, 4 and 5 soon after 
acceptance of this thesis. As a consequence, there is some repetition among chapters. 
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Chapter 2. Spatial and temporal dynamics of Pseudomys australis during a 
dry period  
ABSTRACT 
In this chapter I investigate the population dynamics of the plains mouse, Pseudomys 
australis, during a dry period in a portion of the species' remnant range in central Australia. I 
focus on the cracking clay land type and adjacent areas of stony plain and sand dune land 
types. I undertook a live-trapping study between April 2014 and April 2016 to understand the 
fluctuations of the population during this time, and to identify factors that may influence the 
observed changes. Predators of P. australis were recorded during spotlighting surveys and on 
camera-traps set throughout the study area. The capture rate of P. australis was low 
throughout 2014, increased throughout 2015 and declined again by the end of the study, and 
was always highest in the cracking clay. There was a positive effect of antecedent rainfall 5 – 
6 months prior to trapping on the capture success of P. australis, in addition to an interaction 
between land type (cracking clay and stony plain) and capture rate in the cracking clay during 
the previous trapping session (CRCCt-1). The interaction between land type and CRCCt-1 
indicated that P. australis occupies habitat in a density-dependent manner. The proportion of 
sub-adults in the population increased in a similar manner to capture rate in response to 
antecedent rainfall. However, the proportion of breeding adult females was correlated 
negatively with antecedent rainfall. Predators were recorded within and adjacent to the 
cracking clay throughout the study, and appeared to increase by the end of the study. An 
increase in predation pressure along with resource depletion and flooding following rainfall 
may have contributed to the observed decline by April 2016. The results of this chapter 
describe the population dynamics of P. australis within and adjacent to cracking clay refuges 
over the study period, and provide insights into the drivers of the species' population 
fluctuations and persistence during a dry period.  
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INTRODUCTION 
The population dynamics of desert-dwelling small mammals have been widely 
studied in relation to periods of extreme rainfall (Lima et al. 1999a, Thibault et al. 2010, 
Greenville et al. 2012, Kelly et al. 2013). A growing body of evidence has identified extrinsic 
factors, such as rainfall and predation as primary drivers of population dynamics in 
unpredictable desert systems, and also suggests that intrinsic factors (e.g., density-
dependence) also play a role (Lima et al. 1999a, Letnic et al. 2005, Previtali et al. 2009, 
Shenbrot et al. 2010). However, relatively few studies have investigated the drivers of 
population persistence during the prevailing dry periods experienced by desert-dwelling 
species. A growing body of evidence suggests that some species persist during these dry 
periods by remaining in core areas, or refuges, that provide a consistent supply of food and 
shelter resources, respite from threatening processes, or a combination of both (Milstead et al. 
2007, Letnic & Dickman 2010, Pavey et al. 2017). Use of these refuges by irruptive species 
has been noted particularly in Australian desert rodents (Dickman et al. 2011, Pavey et al. 
2014, McDonald et al. 2015, Pavey et al. 2017), but also in rodents in semi-arid Chile 
(Milstead et al. 2007). While these species are known to use refuges during dry periods, the 
extent to which refuges are used and the drivers of the dynamics of refuge populations are 
poorly understood.  
Annual rainfall variability increases with increasing aridity and in regions of the globe 
influenced by the El Niño – Southern Oscillation (ENSO) phenomenon (Nicholls & Wong 
1990, van Etten 2009). In these areas, extended periods of aridity are intersected by relatively 
short, large magnitude rainfall events (Lima et al. 1999b, Morton et al. 2011). Small, 
temporally isolated precipitation events are associated with minor ecological responses (e.g., 
stimulated activity of soil microbes), whereas larger, more temporally connected rainfall 
events are associated with higher level ecological responses (e.g., plant germination and 
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rodent outbreaks; Schwinning & Sala 2004). Small mammals in desert regions need to adopt 
strategies to persist through the protracted periods when resources are scarce, and make 
effective use of resources when they become available. Populations of irruptive small 
mammals increase in response to resource pulses, largely due to increased recruitment and 
survival, and this is often associated with an increase in area of occupancy or range of 
habitats occupied (Milstead et al. 2007, Pavey et al. 2014). Delays in population responses to 
resource pulses of 3 – 12 months have been documented (Dickman et al. 1999, Shenbrot et al. 
2010), and differences may result from variation in life-history traits, trophic position, and 
reproductive strategy (Brigatti et al. 2015).  
Rainfall strongly regulates desert small mammal populations, but other extrinsic 
factors, such as predation, fire and flooding, may disrupt this prevailing pattern (Letnic et al. 
2005, Previtali et al. 2009). Predation may become important during times when predator 
abundance has increased in response to an increase in prey biomass, but food resources for 
prey populations also are decreasing as the landscape dries out following the end of a high 
rainfall period (Letnic et al. 2005). Higher predation pressure during these times may hasten 
the decline of small mammal populations into a subsequent low population phase (Letnic & 
Dickman 2010). Stochastic events, such as fire and flooding, may also cause populations to 
decline, either through direct mortality or the resulting decrease in food and shelter 
availability (Letnic et al. 2005, Thibault & Brown 2008). These extrinsic factors may also 
influence the dynamics of refuge populations, which are small and isolated and therefore 
more vulnerable to stochastic disturbances (Lande 1993), or may be a target for predators 
persisting in the surrounding landscape during dry periods (Pavey et al. 2014). 
While extrinsic disturbances and climatic regimes strongly influence irruptive small 
mammals, there is also evidence that underlying density-dependent processes influence their 
dynamics (Lima et al. 1999a, Lima et al. 2008, Previtali et al. 2009, Greenville et al. 2016). 
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Density may influence population size both positively (e.g., through increased reproduction 
resulting from greater access to mates and reduced predation at high densities through 
saturation (Stephens & Sutherland 1999)) and negatively (e.g., through decreased access to 
resources owing to intraspecific competition (Previtali et al. 2009) and reduced reproductive 
activity in females (Lima & Jaksic 1998, Breed & Leigh 2011)). Furthermore, density-
dependent habitat selection may occur, whereby optimal habitat is selected because the 
benefits of occupying this habitat, such as high resource availability or low interspecific 
predation, outweigh those of occupying sub-optimal habitats until population densities are 
high (Rosenzweig, 1991, Shenbrot et al. 2010). When the density of a population occupying 
optimal habitats reaches a threshold, the benefits of occupying sub-optimal habitat—where 
there is lower intraspecific competition for resources, but potentially higher risk of threats 
such as predation—outweigh those of occupying the preferred habitat where there is high 
intraspecific competition. Refuges may represent optimal habitat for refuge-using species, 
and irruptions may occur when the species reaches a threshold density at which it becomes 
more beneficial to occupy adjacent habitats.   
The plains mouse, Pseudomys australis, provides an ideal case study to investigate 
how a refuge-using species persists during extended dry periods. This threatened Australian 
desert rodent persists in cracking clay refuges during long dry periods and expands out into 
the adjacent landscape during irruptions in response to high rainfall (Pavey et al. 2014). 
While P. australis is strongly associated with cracking clay refuges during dry periods, where 
individuals occupy small, stable short-term home ranges, the species also occurs infrequently 
in adjacent habitats (Pavey et al. 2014, Young et al. 2017). Pseudomys australis has a diet 
consisting primarily of seeds, although plant stems, leaves and arthropods are also consumed 
(Pavey et al. 2016). The abundance of plants that comprise the diet of P. australis in stony 
desert landscapes is related more to the temporal connectivity of rainfall pulses than to the 
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amount of rain falling in a single event, suggesting that antecedent soil moisture is an 
important factor driving these food resources (Nano & Pavey 2013, Pavey et al. 2016). 
Mammalian predators known to prey on P. australis, such as cats, Felis catus, red foxes, 
Vulpes vulpes, and dingoes, Canis dingo, occur in small numbers in arid areas most or all of 
the time, and potentially always represent a threat to populations  (Eldridge et al. 2002, Letnic 
et al. 2005, Pavey et al. 2014). Nocturnal birds of prey also hunt P. australis but, while Ninox 
novaeseelandiae may occur around refuges occasionally during dry periods, Tyto javanica 
and Elanus scriptus appear around the refuges of P. australis only following population 
irruptions (Pavey et al. 2008, McDonald & Pavey 2013). There is little research on the diet of 
potential reptilian predators of P. australis (e.g. snakes and monitor lizards), but there is 
anecdotal reports and speculation of predation by large snakes such as Pseudechis australis 
and Oxyuranus microlepidotus (Read 1994, Moseby 2012) Despite the low abundance of P. 
australis at a landscape scale during dry periods, the concentration of populations in refuges 
during periods of prey scarcity may make these areas targets for mobile avian and 
mammalian predators (Pavey et al. 2014).  
While P. australis shows a strong association with cracking clay refuges during dry 
periods and populations fluctuate with rainfall (Brandle & Moseby 1999, Pavey et al. 2014), 
the drivers of population persistence in refuges and the frequency with which P. australis 
occurs in the adjacent landscape during dry periods are not well known. Yet, such 
understanding is crucial for informed management of this threatened species. I undertook a 
live-trapping study to gain insight into the spatial and temporal dynamics of P. australis 
populations in refuges, and the potential drivers of these dynamics, during a dry period at 
Andado Station on the western edge of the Simpson Desert, Australia between April 2014 
and April 2016. This study builds and expands on the findings of Pavey et al. (2014), who 
carried out a study in the same area and looked at potential refuge use in the species. 
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Although Pavey et al. (2014) proposed that refuges occur in both cracking clay and stony 
plain (referred to as gibber in Pavey et al. (2014) land systems, here I focus on the 
proposition that cracking clay is optimal habitat and stony plain is sub-optimal habitat for the 
species as per the ideas on density dependent habitat selection summarised above 
(Rosenzweig, 1991, Shenbrot et al. 2010). Further, I assess predator activity by using an 
additional method – camera trapping – to that of the previous study. I formulated the 
following predictions: 
1) P. australis will show a delayed response to antecedent rainfall, with 
populations increasing 3 – 12 months after rains have fallen; 
2) In situ reproduction will occur following rainfall; 
3) P. australis will show a strong association with cracking clay land types and 
occur in adjacent land types as capture rates in the cracking clay increase; and 
4) Predators will occur at low levels within and around refuges throughout dry 
periods. 
MATERIALS AND METHODS 
Study location 
This study was undertaken at Andado Station, a pastoral property (ranch) with 
extensive cattle grazing in the Simpson Desert, Northern Territory, Australia (Figure 2.1A; 
25°41’S, 135°29’E). The ~215 km2 study area is situated in a landscape comprised of stony 
plains with lower-lying areas of cracking clay interspersed by isolated sand dunes (Figure 
2.2). The stony plain and cracking clay habitats have a low cover of chenopod shrubs 
(Atriplex spp., Sclerolaena spp. and Maireana aphylla), and ephemeral grasses and forbs that 
germinate following rainfall. Vegetation on sand dunes is a mix of hummock (mainly 
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Zygochloa paradoxa) and tussock grasses, forbs, shrubs (e.g. Acacia spp., Rhagodia 
spinescens) and isolated trees (e.g. Atalaya hemiglauca). 
 
Figure 2.1: Location of A) the study area (red shading) within the Simpson Desert, Australia 
(grey shading), B) radial live-trapping transects (solid black lines) in the study area and C) 
spotlighting transects (coloured lines) and locations of Reconyx PC800 cameras (black 
circles). Land types mapped by Kennedy and Sugars (2001) are cracking clay (beige), stony 
plain (purple) and sand dune (yellow). The broken black line in B is a transect that was 
trapped in 2014, but found not to traverse suitable habitat and was subsequently changed to 
the lower eastern transect. Note that the position of the cameras changed over time and ≤ 30 
camera stations were operational at any one time. 
Average annual rainfall between 1951 and 2016 at Andado homestead, ~30 km south-
west of the study area, is 130.5 mm, with a bias from November to March (Bureau of 
Meteorology 2018). However, rainfall records for Andado are incomplete, and more 
complete records from Mt Dare, 100 km south of the study area, show an annual average 
rainfall of 164.1 mm between 1950 and 2016 (Bureau of Meteorology 2018). Rainfall records 
from Andado and Mt Dare are correlated (rs = 0.69, P = < 0.0001), which confirms that 
average rainfall in the region is very low. Mean minimum temperatures at Alice Springs 
Airport, the closest weather station to the study sites recording air temperature (~200 km 
north-west), range from 4.9 °C in July to 22.1 °C in January, and mean maximum 
temperatures range from 19.7 °C in July to 36.3 °C in January (Bureau of Meteorology 
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2018). Following the definition of Nano and Pavey (2013) and van Etten (2009), I defined a 
dry (or arid) year as one experiencing < 350 mm rainfall. Years with > 350 mm of rainfall, or 
non-arid years, experience higher winter (April to September) and summer (October to 
March) rainfall and greater temporal connectivity of rainfall events, particularly in the 
summer months, which promote species irruptions (Nano & Pavey 2013, Pavey & Nano 
2013).  
A B  
Figure 2.2: A) Cracking clay land type, showing an Elliott trap in the centre, and B) stony 
plain land type adjacent to sand dune land type (in the left of the photograph) at Andado 
Station, Simpson Desert, Australia. 
Live-trapping 
Trapping (and all other procedures) was undertaken in accordance with the American 
Society of Mammalogists guidelines (Sikes et al. 2011), and was approved by the University 
of Sydney Animal Ethics Committee (approval no. 2014/584).  
Overall, six sites were trapped (Figure 2.1B). Five sites, 1.1, 1.2, 1.3, 1.4 and 2.1 were 
trapped eight times between April 2014 and April 2016 (Table 2.1). Pseudomys australis was 
found at site 3.1 in April 2015, so a further site was set up here in April 2015 and trapped five 
times between then and April 2016 (Table 2.1).  At each site, three transects, each 1 km long, 
radiated from a centre point. Transect direction was chosen randomly, except at site 3.1, 
where transects traversed the cracking clay due to the small size of the habitat patch. Radial 
line 2.1 north-east was trapped in June and July 2014, but was reset to run in an easterly 
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direction from September 2014 to traverse more suitable cracking clay habitat. Along each 
transect, 25 aluminium box traps (Elliott type A, 30 × 10 × 10 cm; Elliott Scientific, Upwey, 
Victoria) were placed at 40 m intervals, except in April 2014 when traps were placed at 20 m 
intervals. Data collected in April 2014 are presented but not analysed due to the difference in 
the trapping design. 
Each trap was baited with a mixture of peanut butter and rolled oats. During cold 
months, polyester fibre was provided in traps to protect animals against low temperatures. 
Traps were set at sunset, and checked and closed at sunrise. For all animals trapped, species, 
sex, body mass (g), relative age (e.g., sub-adult, adult), and reproductive condition were 
recorded. Animals were classed as adult if they were ≥ 28 g and sub-adult if they were < 28 
g. This differs from the classification of adults by Brandle and Moseby (1999) and Pavey et 
al. (2014) (≥ 30 g), as the smallest pregnant female by weight captured in the present study 
was 28 g. Some P. australis were individually ear-clipped as part of a mark-recapture study. 
However, it was not possible to individually mark all P. australis trapped between April 2015 
and April 2016 due to high capture rates. Fur-clipping was trialled as a rapid means of 
identifying animals but, as fur-clips were still apparent from one session to the next, this 
method could not be used to reliably identify within-session recaptures. 
Traps were set for 1 – 3 nights per session; shorter sessions allowed avoidance of 
adverse climatic conditions such as heavy rain and extreme temperature (high and low). 
Traps were set for 9,225 trap nights overall; 69.4% in the cracking clay land type, 3.5% in the 
sand dune land type and 27.1% in the stony plain land type. Most traps were set in cracking 
clay because I sought in particular to study variation in P. australis populations within this 
land type, as well as to document the frequency with which the species occurred in adjacent 
habitats (i.e. stony plain and sand dune). Sand dunes cover a proportionally small part of the 
study area, and the low percentage of traps in this habitat reflects this lower proportion. 
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Trapping efforts were unequal between sites and sessions due to rainfall, as well as to cattle 
and Australian ravens, Corvus coronoides, interfering with traps. While 9,225 traps were set 
overall, the interference by cattle and C. coronoides meant that effective trap effort was 
reduced to 8,633 trap nights.  
Table 2.1. Number of Elliott trap nights and spotlight transects surveyed from April 2014 to 
April 2016 at radial trapping sites on Andado Station, Simpson Desert, Australia. NA 
indicates that a radial site or spotlighting transect had not yet been established; - indicates that 
a radial trap site was not trapped during a session or a spotlighting transect was not surveyed 
due to rain; D: driving with high beam headlights; S: 100-W spotlight used; L: LEDLenser 
head-lamp used; *transect truncated due to flooding. 
Survey 
method 
  2014 2015 2016 
Site April June July Aug April June July Aug Oct April 
Trapping 
1.1 - 225 221 189 158 135 - 145 150 171 
1.2 225 - 225 216 218 194 - 149 195 218 
1.3 225 - 223 208 174 54 225 - 220 195 
1.4 225 - 221 209 207 122 - 143 193 224 
2.1 - 225 221 224 192 145 225 - 145 191 
3.1 NA NA NA NA 225 150 - 143 222 223 
Spotlighting 
1 NA NA D S L S S - L S 
2 NA D D S L S S S L S 
3 NA D D S L S S - L S 
4 NA NA D S L S S S L S 
5 NA NA NA S L S * S - L S 
6 NA NA NA NA L S S S L S 
 
Rainfall data 
Rainfall records from April 2013 to July 2016 were accessed through the Australian 
Government Bureau of Meteorology (2018). Although rainfall during the latter part of the 
study was higher than average (2015: 223.7 mm, Jan – Apr 2016: 122.5 mm), it was still < 
350 mm and therefore defined as dry; the study period was also preceded by a period of 
rainfall deficit (2013: 43 mm, 2014: 92 mm). Rainfall at the study site may have differed 
slightly from that at the Andado weather station due to the 30 km separation, but major 
rainfall events usually occur across the entire regional area. 
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Several studies have correlated small mammal abundance with the cumulative 
monthly rainfall residual (CMRR) (Predavec 1994a, Southgate & Masters 1996, Dickman et 
al. 1999). Predavec (1994a) used the standard CMRR calculation: 
CMRR =  ∑ 𝑃𝑡−1 −  𝑀𝑗
−𝑖
𝑡=−1
 
where i is the number of months, Pt is precipitation during month t and Mj is the long-term 
mean rainfall for month j. Use of CMRR can be problematic if data are not normally 
distributed, and the index can also be insensitive to drought as it is biased by exceptional 
rainfall events (Sutherland et al. 1991, Dickman et al. 1999). To overcome these problems, 
Dickman et al. (1999) included an exponential decay constant of 0.8 to modify their estimates 
of CMRR, basing this on calculations of the reduction in food resources (soil seed bank) over 
time by Predavec (1994b): 
CMRR =  ∑ (𝑃𝑡−1 −  𝑀𝑗
−𝑖
𝑡=−1
)𝑘 
 where k is the decay constant. CMRR is a measure of the departure from the cumulative 
mean rainfall, which can be useful for separating out high rainfall vs. low rainfall periods 
(Dickman et al. 1999). However, as the present study was undertaken during a low rainfall 
period, the amount of rainfall resulting in a biological response, not the departure of rainfall 
from a central tendency, was of most interest. Biological responses to rainfall pulses are 
linked to temporal rainfall connectivity and soil texture (Nano & Pavey 2013). Herbivorous 
small mammals respond to plant production driven by these factors and so it is likely that a 
measure accounting for the persistent effects of total rainfall, such as the antecedent 
precipitation index (API), would be more useful to account for population variation during 
dry periods. API is calculated as: 
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API =  ∑ 𝑃𝑡𝑘
−𝑡
− i
𝑡=−1
 
where i is the number of temporal points of interest (e.g., hour, day, month), k is the decay 
constant and Pt is precipitation during time t (Heggen 2001). The decline in soil moisture over 
time following a rainfall event is likely to be dependent on temperature and soil type, but it 
was beyond the scope of this study to define this specifically. Therefore, consistent with the 
decay constant used by Dickman et al. (1999) described above, 0.8 was used as the decay 
constant for the calculation of both CMRR and API in this study.  
The starting point for the calculation of API and CMRR over the study period was 
January 2001, when rainfall records at Andado Station were consistently recorded. However, 
there were 6 months for which rainfall was not recorded at Andado Station and the value 
from the previous month *0.8 was carried forward. Spearman’s correlations were computed 
to assess correlations between the capture rate of P. australis and total cumulative rainfall, 
cumulative monthly rainfall residual, CMRR with a 0.8 decay function, and API, 1 – 12 
months prior to each trapping session. API provided the strongest correlations with P. 
australis capture rates and was therefore used as the precipitation variable in all subsequent 
models (see below). 
Presence of predators 
Up to six spotlighting transects, between 6.1 km and 16.3 km long, were driven 
during each trapping session (Figure 2.1C), mainly to detect the presence of mammalian 
predators (F. catus, V. vulpes, and C. dingo). Spotlighting transects were established between 
April 2014 and April 2015, as knowledge of where vehicle track location throughout the 
study area was established (Table 2.1). Each transect went through or adjacent to a trapping 
site with the exception of transect 5, which went around the western edge of the cracking 
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clay. This transect was included as it was the only road on the vicinity of the western side of 
the cracking clay and, as the cracking clay and stony plain land types provide little shelter for 
larger animals, I wanted to investigate the possibility of predators occurring in the adjacent 
more heavily vegetated land types. During July 2014 and July 2015 transects were driven at 
approximately 20 km/h with vehicle headlights on high beam while two or more observers 
surveyed for animals from the moving four-wheel-drive vehicle. From August 2014 to April 
2016 a single observer used a 100-W spotlight or LEDLenser head-lamp to search for 
animals from a four-wheel-drive vehicle travelling at 15-20 km/h. Differences in spotlighting 
method were due to availability of equipment and personnel at the time of surveying. 
Spotlighting surveys were undertaken 1-2 hours after sunset. Spotlighting surveys were not 
undertaken in April 2014 and only three were undertaken in August 2015 due to flooding of 
the road on each occasion. Due to the differences in spotlighting methods and how these 
could influence the detectability of animals, these data were not analysed statistically. 
Although camera-traps were set up to detect small mammals for a different part of the 
study (see Chapter 5), useful information was obtained on the occurrence of known and 
potential predators of P. australis and are used in this chapter to supplement spotlighting 
data. Cameras were set ~ 1 m above the ground, facing downwards. A mixture of peanut 
butter and oats was placed under a rock directly beneath the detection zone of the camera and 
smeared on the star picket that the camera was fixed to. This method is not ideal for detecting 
predators as the bait was targeted towards rodents and the orientation meant that only animals 
passing directly under the camera were detected. Therefore, while the data are presented, they 
are not statistically analysed. Between 21 and 30 Reconyx PC800 camera traps were set up 
throughout the study area between April 2015 and April 2016 for an average of 21 – 72 days 
per deployment (Figure 2.1C). Cameras were moved to incrementally greater distances from 
the trapping transects at each deployment time until P. australis was not detected. Therefore, 
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most cameras were not in the same place throughout the entire study period. Species known 
to prey on P. australis include F. catus, V. vulpes, C. dingo, Elanus scriptus, Ninox 
novaeseelandiae and Tyto alba (Pavey et al. 2008; McDonald and Pavey 2013, Pavey et al. 
2014). Other potential predators known from the study area include sand goannas, Varanus 
gouldii, woma pythons (Aspidites ramsayi), mulga snakes Pseudechis australis, brush-tailed 
mulgara, Dasycercus blythi, and crest-tailed mulgara, D. cristicauda.  
Reconyx MapView Professional (Reconyx Inc. 2016) was used to tag all photos taken 
on each camera. Animals were identified to species where possible. If this was not possible, 
they were placed into a higher category (e.g., small mammal, reptile). 
Statistical analyses 
Capture rate of P. australis was calculated as number of captures/number of traps 
set*100. Capture rate was used as the measure of abundance rather than minimum number of 
animals known to be alive (or any similar measure) because recaptures could not be reliably 
identified at all times. Capture rate was calculated for each land type sampled at each site 
during each session.  
Spearman’s rank order correlation coefficient was calculated to assess the association 
between capture rate in the stony plain and in the cracking clay. API variables for which there 
were significant correlations with capture rate were then used, along with land type, capture 
rate at the site level in the previous session (CRt-1) and capture rate in the cracking clay in the 
previous trapping session (CRCCt-1) in binomial generalised linear mixed effects models 
(GLMMs) with a logit link function to model the potential drivers of capture success of P. 
australis. A binomial GLMM with a logit link function models the response variable as the 
number of successes in a given number of trials, in this case the number of P. australis 
caught over n trap nights, and thereby accounts for differences in sampling effort between 
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sampling units. Land type (categorical with two levels: stony plain (SP) and cracking clay 
(CC)), API, CRt-1 and CRCCt-1 were fixed factors. One or more of these fixed factors were 
used in models. The sand dune land type was eliminated from the analysis due to low sample 
size. API values were log transformed prior to all analyses. Site nested in session was 
specified as a random factor to account for repeated samples at the study sites over time in all 
models. For models that did not include land type as a fixed effect, land type nested in site 
was also specified as a random factor to account for multiple land types being sampled at 
most sites.  
Thirty-eight combinations of land type, API, CRt-1 and CRCCt-1 were explored in the 
GLMMs. The second-order Akaike Information Criterion (AICc) was used to select the best 
approximating model from the set of candidate models because the ratio of the sample size to 
the number of estimable parameters in the models was < 40 (Burnham & Anderson 2002). A 
difference in AICc value (∆AICc) < 2 from the top ranking model indicates models with 
substantial support, ∆AICc 4 – 6 indicates less support, and those with a ∆AICc >10 have 
essentially no support (Burnham & Anderson 2002). The top four models are presented in the 
results for comparison and all models are presented in Appendix 4. AICc weights are also 
presented. 
The percentages of females and males, and adults and sub-adults, were calculated as 
percentages of all captures during each trapping session. The percentage of breeding females 
was expressed as the percentage of all females captured during each session. Females were 
considered to be breeding if they were pregnant, lactating or there was evidence that they had 
mated (i.e., open and bruised vagina or mating plug). The proportions of sub-adults and 
breeding females captured were arcsine square root transformed and correlated with API 1 – 
12 months prior to trapping using Spearman’s correlations.  
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The significance level for statistical analyses was taken to be α = 0.05. All analyses 
were undertaken in R (R Core Team 2016). Data are presented as mean ± standard error 
throughout the results, unless otherwise stated. GLMMs were fitted using the glmer function 
of the lme4 package (Bates et al. 2015), AICc values were calculated using the AICc and 
weights functions in the MuMin package (Barton 2017), and model predictions were made 
using the predictInterval function in the merTools package (Knowles & Frederick 2016).  
RESULTS 
Pseudomys australis population dynamics 
Overall, there were 934 captures of P. australis on the radial trapping sites during the 
study period. The capture rate of P. australis across the trapping sites fluctuated over this 
time, being low throughout 2014, then increasing throughout 2015 and declining by April 
2016, although not to levels as low as those in 2014. Average capture rates were low at sites 
1.1, 1.2 and 1.4 during 2014 and by August 2014 P. australis was detectable only at site 1.1 
(capture rate = 1.6 %). P. australis was not captured at sites 1.3 or 2.1 during any session in 
2014. Average capture rate increased throughout 2015 to 28.4 ± 6.8% in October 2015 before 
declining to 9.2 ± 2.2 % in April 2016. The average capture rate of P. australis for the study 
period was 11.4 ± 1.9 %.  
Capture rates of P. australis at traps located in cracking clay (CC) and stony plain 
(SP) followed generally the same trend as overall capture rates: low in 2014 (CC: max = 1.3 
± 1.3 %, SP: max = 0.4 ± 0 %), increasing during 2015 to a peak in October 2015 (CC: 32.9 ± 
6.0 %, SP: 19.6 ± 10.2 %), and decreasing by April 2016 (CC: 10.6 ± 2.4 %, SP: 3.4 ± 2.2 %; 
Figure 2.3 A, B). The capture rate of P. australis in stony plain was positively correlated with 
that in the cracking clay (rs = 0.97, P < 0.0001). However, capture rates were always lower in 
the stony plain land type than the cracking clay (Figure 2.3 A, B). The number of P. australis 
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captured in the stony plain was ≤ 16 during all trapping sessions except for October 2015 
when 53 out of 332 captures were in stony plain. Capture rates in the sand dunes were zero 
for all months except July 2014 (5.5 ± 5.5 %) and October 2015 (3.7 ± 3.7%; Figure 2.3 C).   
 
Figure 2.3: Percentage capture rate of Pseudomys australis in A) cracking clay, B) stony 
plain and C) sand dunes between April 2014 and April 2016 on radial trapping sites at 
Andado Station, Simpson Desert, Australia. Note the difference in site layout in April 2014. 
Monthly rainfall at the Andado weather station between April 2013 and April 2016 
fluctuated between 0 mm and 112.5 mm, with a median of 0 mm and a mean of 12.8 ± 4.9 
mm (Australian Government Bureau of Meteorology 2017; Figure 2.4). There were 21 
months during which no rainfall was recorded at the Andado weather station and four months 
(April 2014, January 2015, December 2015 and January 2016) when > 75 mm was recorded 
(Figure 2.4). These rainfall events > 75 mm were temporally isolated, with most rain falling 
in just one or two days. Little rain fell in the 12 months preceding the start of the study in 
April 2014. Winter rainfall during the study was low. Just 36 mm fell between April 2013 
and April 2014, 10 mm between the April 2014 and January 2015 events and 16.2 mm 
between March and December 2015. Rainfall and API during the study were lower than 
during the 2010 - 2011 high rainfall period (Maximum API: study period = 188.6 mm; 2010 - 
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2011 = 268.6 mm; Figure 2.4). API over the period of study ranged from 9.6 mm in March 
2014 to 188.6 mm in January 2016, with a median of 40.5 mm and a mean of 57.2 ± 7.2 mm 
(Figure 2.4). Peaks in API corresponded to rainfall peaks in each year (April 2014, January 
2015 and January 2016).  
 
Figure 2.4. Monthly rainfall (mm) (black circles) and antecedent precipitation index (API 
(mm)) between January 2010 and April 2016 at the weather station at Andado Station, 
Simpson Desert, Australia. Rainfall was not recorded at the weather station in October 2012 
and December 2012. 
No model had an AICc value < 2 from the best fitting model (Table 2.2). ∆AICc 
values for the next two best fitting models were < 10 (Table 2.2). However, these values and 
AICc weights indicated that these models had substantially less support than the best fitting 
model. The best fitting model identified using AICc indicated that capture success of P. 
australis was related positively to API five months prior to trapping and to CRCCt-1, but that 
the response to CRCC t-1 differed between land types (i.e., there was an interaction between 
land type and CRCC t-1; Table 2.2). CRCCt-1 and land type were included in the three best 
fitting models, indicating that capture rate in the previous trapping session is a major driver of 
the capture success of P. australis. API 5 – 6 months prior to trapping was included in two of 
the three best fitting models. The next best model was similar, but included API six months 
prior to trapping instead of five months prior, followed by a model including just the 
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interaction between CRCCt-1 and land type (Table 2.2). For the results of other models, see 
Appendix 4. 
The best fitting model predicted that the capture success of P. australis has a positive 
relationship with CRCCt-1 (Figure 2.5). The slope of this relationship is weakened at the 
lowest value of API five months prior to trapping, and is also influenced by land type. 
Capture success in the stony plain at both low and high API five months prior to trapping lags 
behind capture success in the cracking clay.  
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Table 2.2. Estimated regression parameters and standard errors for the four best fitting binomial GLMMs on capture success of 
Pseudomys australis as a function of land type (SP: stony plain), API (API5: API five months prior to trapping, API6: API six months 
prior to trapping) and capture rate in the cracking clay in the previous trapping session (CRCCt-1) at Andado Station, Simpson Desert, 
Australia assessed by computing the ∆AICc and AICc weights for the set of candidate models. Site nested in session were random 
factors in the top three models, and site nested in session and land type nested in site were random factors in the lowest model 
presented in the table.   
    Fixed effects Random effects 
Model AICc ∆AICc 
AICc 
weight Effect Estimate 
Standard 
Error Effect Variance 
Standard 
deviation 
CRCCt-1 * land type + log(API5) 310.8 0 0.84 Intercept -6.87 0.97 Site : Session 0.15 0.39 
    CRCCt-1 4.70 0.94 Session 0.34 0.59 
    Land type (SP) -2.45 0.32    
    log(API5) 1.09 0.25    
    CRCCt-1 :  Land type (SP) 4.40 0.90    
CRCCt-1 * land type + log(API6) 314.4 3.6 0.14 Intercept -6.75 1.26 Site : Session 0.15 0.39 
    CRCCt-1 4.81 0.98 Session 0.59 0.77 
    Land type (SP) -2.44 0.31    
    log(API6) 1.07 0.34    
    CRCCt-1 :  Land type (SP) 4.36 0.90    
CRCCt-1 * land type 318.6 7.8 0.02 Intercept -2.98 0.47 Site : Session 0.16 0.39 
    CRCCt-1 5.18 1.06 Session 1.47 1.21 
    Land type (SP) -2.41 0.32    
    CRCCt-1 :  Land type (SP) 4.28 0.91    
CRCCt-1 + log(API5) 330.0 19.2 < 0.01 Intercept -7.55 1.14 Site : Session 0.08 0.26 
    CRCCt-1 1.94 1.62 Land type : Site 0.89 0.94 
    log(API5) 1.19 0.28 Session 0.46 0.68 
       Site 0.44 0.66 
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Figure 2.5. Probability of capture success of Pseudomys australis (solid line) predicted from the 
top ranking binomial GLMM as a function of CRCCt-1 at low API5 (9.97 mm) in the A) cracking 
clay and B) stony plain land types, and high API5 (121.5 mm) in the C) cracking clay and D) 
stony plain land types. Shaded areas indicate 95% confidence intervals. 
Reproduction 
Sub-adults were recorded during seven of the nine trapping sessions (Figure 2.6A). July 
was the only month during 2014 when sub-adults were recorded in the population. Sub-adults 
were recorded during all live-trapping sessions between April 2015 and April 2016. The highest 
percentage and number of sub-adults was recorded in April 2015 (20%; n = 25 out of 126 
captures). The proportion of sub-adults captured was correlated positively with API five, six, 
seven and nine months prior to trapping (API5: rs = 0.37, P < 0.05; API6: rs = 0.34, P < 0.05; 
API7: rs = 0.33, P < 0.05; API9: rs = 0.36, P < 0.05).  
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Breeding females were recorded during all trapping sessions except April 2014 and 
August 2015 (Figure 2.6B). 100% of females were breeding in June 2014 and August 2014, but 
these consisted of just two and one animals, respectively. The greatest number of breeding 
females recorded was in April 2015 (n = 11; 21% of females captured) and April 2016 (n = 17; 
35% of females captured). The proportion of breeding females captured was correlated 
negatively with API five, six and seven months prior to trapping (API5: rs = -0.75, P < 0.05; 
API6: rs = -0.71, P < 0.05; API7: rs = -0.82, P <0.01) and capture rate in the cracking clay during 
the same session (rs = -0.93, P < 0.001).  
           
Figure 2.6: Percentage of Pseudomys australis captures that were A) sub-adult and B) females 
that were breeding at radial trapping sites during each trapping session at Andado Station, 
Simpson Desert, Australia.  
Presence of predators 
All five potential mammalian predators were recorded during the trapping study period. 
Canis dingo was not recorded on any spotlighting surveys, but was recorded during June 2014 
(incidental) and April 2015 (camera-trap and incidental) in or just adjacent to the cracking clay 
land type, and in April 2016 (incidental) in the stony plain land type (Figure 2.7A). Vulpes 
Chapter 2. Spatial and temporal dynamics of Pseudomys australis 
   48 
 
vulpes was recorded while spotlighting in the stony plain and cracking clay land types during 
April 2016. Vulpes vulpes was also recorded on camera-traps between November 2015 and 
February 2016, then again in April 2016 in the stony plain and cracking clay land types (Figure 
2.7A). Felis catus was recorded in the cracking clay land type during June 2015 and April 2016, 
and incidentally in the sand dune land type during June 2014. Felis catus was also recorded on 
camera-traps in May 2015, July 2015, August 2015, September 2015 and February 2016, always 
in the cracking clay land type (Figure 2.7A). Dasycercus blythi was recorded on camera-traps 
during all months that cameras were deployed in both the cracking clay and stony plain land 
types, with a peak occurring in January 2016 (Figure 2.7B). Dasycercus cristicauda was trapped 
in the sand dune land type during October 2015. Varanus gouldii was recorded on camera-traps 
throughout the study area in the cracking clay and stony plain land types between August 2015 
and April 2016, with a peak in October 2015 (Figure 2.7B). No large snakes were observed 
during the study period, although an individual A. ramsayi was incidentally recorded in the study 
area during October 2013. 
Three potential avian predators were observed during the trapping study and one during a 
subsequent field trip. Ninox novaeseelandiae was recorded during April 2015 and June 2015 in 
the cracking clay land type (Figure 2.7C). Tyto alba was recorded on camera in June 2015 in the 
cracking clay land type (Figure 2.7C) and incidentally during April 2016 in the stony plain land 
type. No potential avian predators were recorded on any spotlighting transects. Interestingly, an 
Australian raven, Corvus coronoides, was captured on a camera-trap in July 2015 holding a 
rodent in its beak. A positive identification of the rodent species was not possible although it was 
most likely a small P. australis or Leggadina forresti. The animal appeared too large to be P. 
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hermannsburgensis. Elanus scriptus was not recorded during the trapping period but was 
recorded incidentally in the study area during a subsequent trip (July 2016).  
Also of note was that inundation of the cracking clay was evident at some camera-trap 
sites between 30/12/2015 and 5/01/2016. 165.5 mm of rain fell at the Andado Homestead 
between 21/12/2015 and 1/01/2016, with the majority occurring on 31/12/2015 and 1/01/2016. 
Inundation was still apparent at one camera-trap site on 5/01/2015. 
 
Figure 2.7. The average proportion of 
nights that A) Felis catus (black triangle 
and solid line), Canis dingo (black circle 
and dashed line) and Vulpes vulpes 
(unfilled circle and dashed line), B) 
Dasycercus blythi (black triangle and 
solid line) and Varanus gouldii (black 
circle and dashed line), and C) Ninox 
novaeseelandiae (black triangle and solid 
line) and Tyto alba (black circle and 
dashed line) were recorded on camera-
traps between April 2015 and April 2016 
at Andado Station, Simpson Desert, 
Australia. Note different scales of the y 
axes. Standard errors omitted for clarity. 
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DISCUSSION 
The results of this study indicate that intrinsic and extrinsic factors interact to drive the 
population dynamics of P. australis during dry periods. My predictions were generally supported 
by the results, and indicate that P. australis had a density-dependent response to rainfall five 
months or more prior to trapping. The presence of sub-adults and breeding females in the 
population, along with changes in body mass, suggested that the population increase was, at least 
in part, a result of in situ reproduction. Pseudomys australis showed a strong association with the 
cracking clay land type, but was captured less frequently and at a lower rate in the stony plain. 
This confirms the role of cracking clay areas as refuges for P. australis demonstrated by Pavey et 
al. (2014). An interaction between prior capture rate in the cracking clay and land type revealed 
density-dependent habitat selection, whereby high prior capture success in the cracking clay was 
associated with a higher probability of capture in the stony plain. The relationship between API 
and capture success of P. australis suggests that the population decline may have been associated 
with resource depletion. However, the presence of predators in and around refuges during, and 
particularly towards the end of, the study and inundation of parts of the cracking clay for a 
number of days following rainfall suggest that other extrinsic factors may play a role in 
hastening the decline of P. australis following a population increase. Collectively, these results 
suggest that the factors driving the population dynamics of P. australis during a dry period are 
similar, but of lower magnitude, to those driving populations during large magnitude resource 
pulses. 
API 5 – 6 months prior to trapping was identified as an important variable driving the 
population dynamics of P. australis during this study. This lagged population response 
corresponds with other studies showing that rodents, including P. australis, have a 6 – 12 month 
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lagged positive response to rainfall (Shenbrot et al. 2010, Thibault et al. 2010, Greenville et al. 
2012, Pavey & Nano 2013). Results also suggested that the increased capture rate of P. australis 
was, at least in part, due to in situ reproduction. Given that gestation length for P. australis is 
~30 days and the approximate age of weaning is 28 days (Yom-Tov 1985), an increase in capture 
rate due to reproduction would not be expected for at least two months, which partially accounts 
for the 5 – 6 month lag observed in this study. Additionally, reproduction in P. australis may be 
delayed by the response of food plants to rainfall. The onset of reproduction in the African grass 
rat, Arvicanthus niloticus, commences 2 – 3 months after the beginning of rainfall as the seeds of 
annual weed species become available (Taylor & Green 1980). Reproduction continues while 
seeds and cereals are available, but declines as A. niloticus switches to consuming vegetative 
material during the dry season (Taylor & Green 1980). Seeds are the predominant component of 
the diet of P. australis followed by leaves, plant stems and invertebrates (Pavey et al. 2016). The 
importance of each dietary component to reproduction in P. australis is not known. However, the 
water content and chemical composition of green plants may be important for reproduction. For 
example, Breed (1975) found that water deprivation prevented female N. alexis from having 
normal oestrous cycles and prevented normal maturation. If seeds or green vegetation are an 
important resource regulating reproduction in P. australis, as they are for A. niloticus and N. 
alexis, the delay between rainfall and seeding of plant species in refuges, in addition to gestation 
and weaning time, readily account for the 5 – 6 month time lag between rainfall and the increase 
in capture rate observed in this study.  
The relationship between food resources and rainfall may also explain very low capture 
success of P. australis throughout 2014 and the decline in capture rate of P. australis between 
October 2015 and April 2016. Following a period of high population density, but low availability 
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of rainfall-driven resources (ephemeral plants and seeds), populations of Darwin’s leaf-eared 
mouse, Phyllotis darwini, declined (Previtali et al. 2009). Similarly, very low capture rates of P. 
australis between April and late August/early September 2014 followed a year of very low 
rainfall in 2013 (43 mm recorded at Andado Station) and a lack of rainfall in summer (October to 
March) 2013/2014 (4 mm at Andado Station). API declined again by the end of 2015, which 
suggests that food resources for P. australis may have also declined. If this was the case, the high 
capture rate of P. australis in October 2015 coupled with low food resource availability could 
have resulted in resource depletion and intraspecific competition. This may then have been 
followed by a reduction in reproductive output and survival, as suggested by the negative 
correlation between the proportion of breeding females and capture rate of P. australis during the 
study and the decline in P. australis capture rate by April 2016.  
In addition to resource depletion, the presence of predators in and around refuges during 
the study, along with observations of inundation of areas of the cracking clay for up to a week 
following rainfall, suggest that extrinsic factors could operate to hasten the decline of P. 
australis. Eutherian predators and nocturnal raptors readily consume P. australis (Eldridge et al. 
2002; Pavey et al. 2008). Predator occurrence increased towards the end of the study period, 
which may have led to increased pressure on an already declining population. Methods employed 
during this study were not effective for determining the abundance and activity levels of 
predators and, therefore, predation pressure. As such, it was deemed inappropriate to statistically 
analyse the influence of predation pressure on P. australis. Alternative methodologies such as 
spoor surveys and targeted camera-trapping may be more beneficial for providing insight into 
predation pressure in future studies (Edwards et al. 2000, Vine et al. 2009). Thibault and Brown 
(2008) observed high mortality of Dipodomys merriami and D. ordii after a flooding event, 
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attributing this to the species’ poor swimming and climbing ability. Displacement and mortality 
of P. australis may occur following storm events as the cracking clay soils become inundated 
and burrows are flooded and/or silted up. Future studies should also aim to quantify factors 
influencing population declines of P. australis, particularly as climate change modelling predicts 
a trend towards more frequent storm events (Greenville et al. 2012) that could intensify threats to 
the persistence of this species in arid Australia (Pavey et al. 2017). 
The higher capture success of P. australis in the cracking clay land type, relative to that 
in the stony plain and sand dunes, is in agreement with previous results showing that P. australis 
can occur at high densities at refuge sites during dry periods but less frequently at sites in other 
land types (Pavey et al. 2014). Further investigation of the GLMM results (using predictions 
from the model) indicated that density-dependent habitat selection may be occurring, whereby P. 
australis shows the strongest preference for cracking clay when densities are low, but as 
densities increase move increasingly to occupy adjacent habitats. Density-dependent habitat 
selection was observed for Gerbillus henleyi and Dipodillus dasyurus in at least one season in 
the Negev Highlands, Israel, and was related to quantitative differences in food resource 
abundance across habitats, and sometimes, but not always, differences in habitat quality (e.g., 
differences in the ability to construct burrows; Shenbrot et al. 2010). Pseudomys australis 
shelters in sub-surface soil cracks and burrows (Young et al. 2017; Chapter 3), and eats mainly 
plant material (Pavey et al. 2016). The density-dependent land type preference shown by P. 
australis in this study suggests that cracking clay provides better resources, either quantitatively 
(amount) or qualitatively (type). Based on known resource use of P. australis, this may relate to 
the presence or abundance of sub-surface soil cracks, suitability of burrowing substrate and/or 
abundance or type of food resources (Pavey et al. 2016, Young et al. 2017). 
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Conclusions 
The role of cracking clay refuges and temporally isolated rainfall events in promoting the 
persistence of P. australis through a dry period is clearly evident from the results presented in 
this chapter. Temporally isolated rainfall events are likely to stimulate the growth of P. australis’ 
food resources and support greater reproduction and survival. These events occur once a year on 
average (Nano & Pavey 2013), promoting population persistence beyond the life-span of any one 
individual following a resource pulse. During these unpredictable times, cracking clay refuges 
may provide a more consistent supply of shelter resources (sub-surface cracks and soil suitable 
for burrowing), food resources, or both. These important issues are investigated in detail in 
Chapters 3 and 4. The density-dependent effects of capture rate and habitat selection have not 
been noted in this species previously. These results provide insight into how density influences 
population increases and why the species is occasionally recorded in adjacent habitats during dry 
periods, and at higher densities during irruptions. The results presented in this chapter improve 
our understanding of where P. australis occurs in the landscape and when populations are likely 
to irrupt or be most vulnerable, which will improve targeted management strategies. A better 
understanding of the factors influencing the population dynamics of other desert-dwelling small 
mammals should now be sought. 
ACKNOWLEDGMENTS 
I thank the Costello family (Andado Station) for site access, and volunteers for field 
assistance. I also thank Alistair Stewart, who provided assistance with statistical analysis, and 
Aaron Greenville and Matthew Crowther for their advice. This research was funded by CSIRO 
Land and Water, Territory Natural Resource Management and the Holsworth Wildlife 
Chapter 2. Spatial and temporal dynamics of Pseudomys australis 
   55 
 
Endowment, and was undertaken under University of Sydney Animal Ethics Committee project 
number 584, and Northern Territory Permit number 51373. 
REFERENCES 
BARTON, K. 2017. MuMIn: Multi-model inference. R package version 1.40.0. 
BATES, D., M. MAECHLER, B. BOLKER, AND S. WALKER. 2015. Fitting linear mixed-
effects models using lme4. Journal of Statistical Software 67:1-48. 
BRANDLE, R. AND K. E. MOSEBY. 1999. Comparative ecology of two populations of 
Pseudomys australis in northern South Australia. Wildlife Research 26:541-564. 
BREED, W. G. 1975. Environmental factors and reproduction in the female hopping 
mouse, Notomys alexis. Journal of Reproduction and Fertility 45:273-281. 
BREED, W. G. AND C. M. LEIGH. 2011. Reproductive biology of an old endemic murid 
rodent of Australia, the Spinifex hopping mouse, Notomys alexis: adaptations for life in the arid 
zone. Integrative Zoology 6:321-333. 
BRIGATTI, E., M. V. VIEIRA, M. KAJIN, P. J. A. L. ALMEIDA, M. A. DE MENEZES, AND R. 
CERQUIERA. 2015. Detecting and modelling delayed density-dependence in abundance time 
series of a small mammal (Didelphis aurita). Scientific Reports 6:19553. 
BUREAU OF METEOROLOGY. 2018. Climate Data Online. 
http://www.bom.gov.au/climate/data/. Accessed 12/06/2017 2017. 
BURNHAM, K. P. AND D. R. ANDERSON. 2002. Model Selection and Multimodal Inference, 
2nd Ed. Springer-Verlag, New York, U.S.A. 
DICKMAN, C. R., P. S. MAHON, P. MASTERS, AND D. F. GIBSON. 1999. Long-term 
dynamics of rodent populations in arid Australia: the influence of rainfall. Wildlife Research 
26:389-403. 
Chapter 2. Spatial and temporal dynamics of Pseudomys australis 
   56 
 
DICKMAN, C. R., A. C. GREENVILLE, B. TAMAYO, AND G. M. WARDLE. 2011. Spatial 
dynamics of small mammals in central Australian desert habitats: the role of drought refugia. 
Journal of Mammalogy 92:1193-1209. 
EDWARDS, G. P., N. D. DE PREU, B. J.  SHAKESHAFT AND I. V. CREALY. 2000. An 
evaluation of two methods of assessing feral cat and dingo abundance in central Australia. 
Wildlife Research 27:143-149. 
ELDRIDGE, S. R., B. J. SHAKESHAFT, AND T. J. NANO. 2002. The impact of wild dog 
control on cattle, native and introduced herbivores and introduced predators in central Australia. 
Northern Territory Parks and Wildlife Commission. 
GREENVILLE, A. C., G. M. WARDLE, AND C. R. DICKMAN. 2012. Extreme climatic events 
drive mammal irruptions: regression analysis of 100-year trends in desert rainfall and 
temperature. Ecology and Evolution 2:2645-2658. 
GREENVILLE, A. C., G. M. WARDLE, V. NGUYEN, AND C. R. DICKMAN. 2016. Population 
dynamics of desert mammals: similarities and contrasts within a multispecies assemblage. 
Ecosphere 7:e01343. 
HEGGEN, R. J. 2001. Normalized antecedent precipitation index. Journal of Hydrologic 
Engineering 6:377-281. 
JOHNSON, M. S., S. C. THOMSON, AND J. R. SPEAKMAN. 2001. Limits to sustained energy 
intake I. Lactation in the laboratory mouse Mus musculus. The Journal of Experimental Biology 
204:1925-1935. 
KELLY, L. T., R. DAYMAN, D. G. NIMMO, AND M. F. CLARKE. 2013. Spatial and temporal 
drivers of small mammal distributions in a semi-arid environment: the role of rainfall, vegetation 
and life-history. Austral Ecology 38:786-797. 
Chapter 2. Spatial and temporal dynamics of Pseudomys australis 
   57 
 
KNOWLES, J. E. AND C. FREDERICK. 2016. merTools: Tools for Analyzing Mixed Effect 
Regression Models. R package version 0.3.0. 
LANDE, R. 1993. Risks of population extinction from demographic and environmental 
stochasticity and random catastrophes. The American Naturalist 6:911-927 
LETNIC, M. AND C. R. DICKMAN. 2010. Resource pulses and mammalian dynamics: 
conceptual models for hummock grasslands and other Australian desert habitats. Biological 
Reviews 85:501-521. 
LETNIC, M., B. TAMAYO, AND C. R. DICKMAN. 2005. The responses of mammals to La 
Nina (El Nino Southern Oscillation) - associated rainfall, predation, and wildfire in central 
Australia. Journal of Mammalogy 86:689-703. 
LIMA, M., S. K. M. ERNEST, J. H. BROWN, A. BELGRANO, AND N. C. STENSETH. 2008. 
Chihuahuan desert kangaroo rats: nonlinear effects of population dynamics, competition and 
rainfall. Ecology 89:2594-2603. 
LIMA, M. AND F. M. JAKSIC. 1998. Delayed density-dependent and rainfall effects on 
reproductive parameters of an irruptive rodent in semiarid Chile. Acta Theriologica 43:225-234. 
LIMA, M., J. E. KEYMER, AND F. M. JAKSIC. 1999a. El Nino-Southern Oscillation-driven 
rainfall variability and delayed density dependence cause rodent outbreals in western South 
America: linking demography and population dynamics. The American Naturalist 153:476-491. 
LIMA, M., P. A. MARQUET, AND F. M. JAKSIC. 1999b. El Niño events, precipitation 
patterns, and rodent outbreaks are statistically associated in semiarid Chile. Ecography 22:213-
218. 
MCDONALD, P. J., A. D. GRIFFITHS, C. E. M. NANO, C. R. DICKMAN, S. J. WARD, AND G. 
W. LUCK. 2015. Landscape-scale factors determine occupancy of the critically endangered 
Chapter 2. Spatial and temporal dynamics of Pseudomys australis 
   58 
 
central rock-rat in arid Australia: the utility of camera trapping. Biological Conservation 191:93-
100. 
MCDONALD, P. J. AND C. R. PAVEY. 2013. Exploiting boom times. Southern boobook owl 
Ninox novaeseelandiae diet during a rodent irruption in central Australia. Australian Zoologist 
37:234-237. 
MILSTEAD, W. B., P. L. MESERVE, A. CAMPANELLA, M. A. PREVITALI, D. A. KELT, AND J. 
R. GUTIÉRREZ. 2007. Spatial ecology of small mammals in north-central Chile: role of 
precipitation and refuges. Journal of Mammalogy 88:1532-1538. 
MORTON, S., et al. 2011. A fresh framework for the ecology of arid Australia. Journal of 
Arid Environments 75:313-329. 
MOSEBY, K. 2012. National Recovery Plan for the Plains Mouse Pseudomys australis. 
Department of Environment, Water and Natural Resources, South Australia. 
NANO, C. E. M. AND C. PAVEY. 2013. Refining the 'pulse-reserve' model for arid central 
Australia: seasonal rainfall, soil moisture and plant productivity in sand ridge and stony plain 
habitats of the Simpson Desert. Austral Ecology 38:741-753. 
NICHOLLS, N. AND K. K. WONG. 1990. Dependence of rainfall variability on mean 
rainfall, latitude, and the Southern Oscillation. Journal of Climate 3:163-170. 
PAVEY, C. R., J. COLE, P. MCDONALD, AND C. NANO. 2014. Dynamics and spatial 
ecology of a declining desert rodent Pseudomys australis: the importance of refuges for 
persistence. Journal of Mammalogy 95:615-625. 
PAVEY, C. R., S. ELDRIDGE, AND M. HEYWOOD. 2008. Population dynamics and prey 
selection of native and introduced predators during a rodent outbreak in arid Australia. Journal of 
Mammalogy 89:674-683. 
Chapter 2. Spatial and temporal dynamics of Pseudomys australis 
   59 
 
PAVEY, C. R., et al. 2017. The role of refuges in the persistence of Australian dryland 
mammals. Biological Reviews 92:647-664. 
PAVEY, C. R., E. A. JEFFREYS, AND C. E. M. NANO. 2016. Persistence of the plains mouse, 
Pseudomys australis, with cattle grazing is facilitated by a diet dominated by disturbance-
tolerant plants. Journal of Mammalogy 97:1102-1110. 
PAVEY, C. R. AND C. E. M. NANO. 2013. Changes in richness and abundance of rodents 
and native predators in response to extreme rainfall in arid Australia. Austral Ecology 38:777-
785. 
PREDAVEC, M. 1994a. Population dynamics and environmental changes during natural 
irruptions of Australia desert rodents. Wildlife Research 21:569-582. 
PREDAVEC, M. 1994b. Food limitation and demography in Australian desert rodents. 
Ph.D. Thesis, Universtiy of Sydney, Sydney, Australia. 
PREVITALI, M. A., M. LIMA, P. L. MESERVE, D. A. KELT, AND J. R. GUTIÉRREZ. 2009. 
Population dynamics of two sympatric rodents in a variable environment: rainfall, resource 
availability, and predation. Ecology 90:1996-2006. 
R CORE TEAM. 2016. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. 
READ, J. L. 1994. A major range extension and new ecological data on Oxyuranus 
microlepidotus (Reptilia: Elapidae). Transactions of the Royal Society of South Australia 
118:143-145. 
RECONYX INC. 2016. MapView Professional. Reconyx Inc., Holmen, WI, USA. 
SCHWINNING, S. AND O. E. SALA. 2004. Hierarchy of responses to resource pulses in arid 
and semi-arid ecosystems. Oecologia 141:211-220. 
Chapter 2. Spatial and temporal dynamics of Pseudomys australis 
   60 
 
SHENBROT, G. I., B. KRASNOV, AND S. BURDELOV. 2010. Long-term study of population 
dynamics and habitat selection of rodents in the Negev Desert. Journal of Mammalogy 91:776-
786. 
SIKES, R. S., W. H. GANNON, AND ANIMAL CARE AND USE COMMITTEE OF THE AMERICAN 
SOCIETY OF MAMMALOGISTS. 2011. Guidelines of the American Society of Mammalogists for 
the use of wild mammals in research. Journal of Mammalogy 92:235-253. 
SOUTHGATE, R. AND P. MASTERS. 1996. Fluctuations of rodent populations in response to 
rainfall and fire in a central Australian hummock grassland dominated by Plectrachne schinzii. 
Wildlife Research 23:289-303. 
SUTHERLAND, R. A., R. B. BRYAN, AND D. O. WIJENDES. 1991. Analysis of the monthly 
and annual rainfall climate in a semi-arid environment, Kenya. Journal of Arid Environments 
20:257-275. 
STEPHENS, P. A. AND W. J. SUTHERLAND. 1999. Consequences of the Allee effect for 
behaviour, ecology and conservation. Trends in Ecology and Evolution 14:401-405 
TAYLOR, K. D. AND M. G. GREEN. 1980. The influence of rainfall on diet and 
reproduction in four African rodent species. Journal of Zoology 180:367-389. 
THIBAULT, K. M. AND J. H. BROWN. 2008. Impact of an extreme climatic event on 
community assembly. Proceedings of the National Academy of Sciences 105:3410-3415. 
THIBAULT, K. M., S. K. M. ERNEST, E. P. WHITE, J. H. BROWN, AND J. R. GOHEEN. 2010. 
Long-term insights into the influence of precipitation on community dynamics in desert rodents. 
Journal of Mammalogy 91:787-797. 
VAN ETTEN, E. 2009. Inter-annual rainfall variability of arid Australia: greater than 
elsewhere? Australian Geographer 40:109-120. 
Chapter 2. Spatial and temporal dynamics of Pseudomys australis 
   61 
 
VINE, S. J., M. S. CROWTHER, S. J. LAPIDGE, C. R. DICKMAN, N. MOONEY, M. P. PIGGOTT 
AND A. W. ENGLISH. 2009. Comparison of methods to detect rare and cryptic species: a case 
study using the red fox (Vulpes vulpes). Wildlife Research 36:436-446. 
YOM-TOV, Y. 1985. The reproductive rates of Australian rodents. Oecologia 66:250-255. 
YOUNG, L. I., C. R. DICKMAN, J. ADDISON, AND C. R. PAVEY. 2017. Spatial ecology and 
shelter resources of a threatened desert rodent (Pseudomys australis) in refuge habitat. Journal of 
Mammalogy 98:1604-1614. 
Chapter 3 – Spatial ecology of Pseudomys australis 
   62 
 
Chapter 3. Spatial ecology and shelter resources of a threatened desert 
rodent (Pseudomys australis) in refuge habitat 
A published version of this chapter is provided in Appendix 2: Young L.I., Dickman C.R., 
Addison, J., Pavey, C.R. 2017. Spatial ecology and shelter resources of a threatened desert 
rodent (Pseudomys australis) in refuge habitat. Journal of Mammalogy, 98(6) 1604-1614. 
ABSTRACT 
This study builds on recent research on the role of drought refuges in facilitating the 
persistence of arid-dwelling rodents during extended dry periods by characterising the spatial 
ecology and shelter use of the plains mouse, Pseudomys australis, a threatened Australian desert 
rodent that uses refuges. I radiotracked 18 P. australis in the western Simpson Desert, Australia, 
during November 2014 and May 2015, when individuals were expected to be confined to 
cracking clay refuge habitat. I also measured the dimensions (length, width, and perceived 
vertical depth) of shelter sites used by tracked individuals. A sufficient number of fixes (range = 
17 – 64) for home range calculation by kernel density estimation was obtained for 11 of the 18 
tracked individuals. Total ranges were calculated at the 90% isopleth and core areas at the 50% 
isopleth. The tracked animals occupied small home ranges (1.35 ± 0.56 ha) within cracking clay 
refuge habitat for the duration of the study. Individuals occupied distinct core areas, which were 
just 22.57 ± 1.54% the area of the total home ranges and centred on 1–2 frequently used burrows. 
Overlaps in total ranges and some burrow sharing were observed between neighbouring 
individuals; however, core areas overlapped between only one pair of animals, suggesting that 
some group structuring may occur in P. australis refuge populations. Cracks used by tracked 
individuals were wider and deeper than burrows. This study found that the short-term home 
ranges of the radio-tracked P. australis during a dry period were situated entirely within cracking 
clay refuge habitat, and that shelter resources, and potentially social structuring, influence the use 
of space by this species. 
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INTRODUCTION 
The use of space and habitat by small mammals is driven by both intrinsic factors, 
including reproduction and social structure, and extrinsic factors, such as resource availability. 
The mating system and tolerance of conspecifics can influence the distribution of individual 
home ranges, which may change with reproductive condition. For example, home ranges may 
expand during the breeding season to meet increased energy demands and to increase the 
likelihood of access to mates (Cooper & Randall 2007, Wang et al. 2011). Home ranges may be 
situated in areas of high food abundance and quality, and shift in relation to changes in resource 
availability (Harris & Leitner 2004, Quirici et al. 2010). In turn, animals may focus their use of 
space on a core area within a home range where food resources (Rader & Krockenberger 2006), 
shelter resources (Anstee et al. 1997, Asher et al. 2004), or both (Eccard et al. 2004) are 
concentrated. Thus, the distribution of both conspecifics and resources within an individual’s 
home range will influence their use of space. 
Recent attention has focused on the role of refuges in the persistence of small mammals, 
especially those in arid and semi-arid regions (Milstead et al. 2007, Pavey et al. 2014). In these 
regions, periods of low resource abundance are typically associated with extended periods of low 
rainfall. Refuges are discrete parts of the landscape that provide a more consistent supply of food 
and shelter resources than the surrounding landscape and thereby support population persistence 
during low resource times (Milstead et al. 2007, Letnic & Dickman 2010, Pavey et al. 2017). 
Recent studies indicate that refuge use is a feature of small mammals with irruptive population 
dynamics (see Pavey et al. 2017 for a summary). In these species, populations undergo 
substantial increases, both numerically and spatially, in response to resource pulses following 
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periods of high rainfall, and persist at low levels throughout the extended dry periods (Gutiérrez 
et al. 2010, Greenville et al. 2012, Pavey & Nano 2013). 
Refuge use by arid-dwelling small mammals has been studied most notably in Australian 
rodents (McDonald et al. 2013, Pavey et al. 2014, Pavey et al. 2017). Interest in these rodents has 
been long standing owing to the strongly irruptive nature of many species and the dramatic peaks 
and troughs in their numbers (Finlayson 1939, Plomley 1972, Dickman et al. 1999). While 
populations are known to contract spatially to core habitat during dry periods, it is unclear 
whether, at the individual level, there is movement between refuge populations or whether 
animals use the refuges predominantly for shelter and then forage in adjacent habitat. 
Understanding the dynamics and connectivity of refuges will allow greater understanding of 
whether refuges consist of individual habitat patches or a collection of connected habitat patches. 
This, in addition to a greater understanding of the key habitat characteristics of refuges, will 
provide deeper insight into how refuges function and help to identify additional potential refuges 
throughout species’ ranges and develop effective management strategies. 
The plains mouse, Pseudomys australis (40–60 g), is an ideal species for exploring the 
role of conspecifics and resources in the spatial and temporal dynamics of drought refuges. This 
nocturnal, threatened species occupies cracking clay refuges in the stony deserts of central and 
southern Australia (Brandle et al. 1999, Pavey et al. 2014). Cracking clay habitats in this region 
occur as relatively small patches interspersed within broader stony plain habitats and can support 
high numbers of P. australis within relatively small areas (Pavey et al. 2014). These cracking 
clay habitats are characterised by sparse perennial vegetation cover and friable, deep cracking 
clay soils that provide shelter in the form of cracks (Brandle & Moseby 1999). The cracks are 
likely to be used as shelter sites more often than burrows due to the probably high costs of 
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constructing burrows in clay soils. The suitability of cracks as shelter sites also is likely to be 
driven by size, and therefore limited in availability in this habitat, which would drive fidelity to 
shelter sites. 
Pseudomys australis is a highly social species, but tolerance of conspecifics appears to 
vary according to whether P. australis is breeding (Watts & Aslin 1981). This tolerance, together 
with resource availability, may influence the ecology of the species in refuges, with high overlap 
expected between individual home ranges; in fact, burrow sharing among multiple individuals 
(up to 22 individuals in one burrow) has been recorded (Watts & Aslin 1981). However, the 
physical characteristics of shelter sites and how they are used by individuals need to be 
confirmed to inform management and improve conservation outcomes for this threatened 
species. 
Here, I focus on the spatial ecology of P. australis during a dry period when the majority 
of individuals were expected to be confined to cracking clay refuges. More specifically, I aimed 
to understand how individuals were using the cracking clay refuges and to what degree their 
activity was confined to this habitat. Based on previous observations, I predicted that: 
1) Individuals will occupy small home ranges and show a strong preference for cracking 
clay habitat; 
2) There will be high overlap between home ranges of neighbouring individuals; 
3) Individuals will use soil cracks for both short-term shelter and longer-term burrows; and 
4) Individuals will show high fidelity to a small number of shelter sites. 
Radiotracking was used to address these aims.  
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MATERIALS AND METHODS 
Study sites 
This study was undertaken at Andado Station, a pastoral property on the western edge of 
the Simpson Desert in the Northern Territory, Australia (Figure 3.1A; Figure 3.1B 25°41’S, 
135°29’E). The ~215-km2 study area is situated in a landscape comprised of stony plains with 
lower-lying areas of cracking clay interspersed by isolated sand dunes (Figure 3.1C, Figure 2.2 
in Chapter 2). For a more detailed description of the study sites see Chapter 2. Vegetation cover 
at all sites at the time of radiotracking was low (< 10%). Radiotracking was undertaken in 3 sites 
based on the known occurrence of P. australis (Figure 3.1B) established as part of broader 
trapping surveys (Chapter 2) or identified by Pavey et al. (2014). All sites were within cracking 
clay habitat and were between 200 m and 1 km from a different habitat type, typically stony 
plain (small rocks embedded in a heavy loam substrate). 
Radiotracking was undertaken during spring in 2014 (November) and autumn in 2015 
(May) to obtain data during different climatic conditions. In the 12 months prior to the 
November 2014 tracking period, 96 mm of rain was recorded at Andado Station; a further 148.2 
mm was recorded between the November 2014 and May 2015 tracking periods (Bureau of 
Meteorology 2016). Although rainfall between November 2014 and May 2015 was slightly 
higher than average, it was still much lower than the amount of rain needed to trigger a resource 
pulse and associated population irruption in P. australis, and also followed a period of rainfall 
deficit. As discussed in Chapter 2, following the definition of Nano and Pavey (2013), a dry (or 
arid) year can be defined as one experiencing < 350 mm rainfall. Years with > 350 mm of rain, 
or non-arid years, experience seasonal nuances and temporally connected rainfall events, which 
promote species irruptions (Nano & Pavey 2013, Pavey & Nano 2013). No rainfall was recorded 
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at Andado while tracking was being undertaken (Bureau of Meteorology 2016). In November 
2014, temperatures ranged from a minimum of 14.2 °C to a maximum of 44.9 °C at Alice 
Springs Airport, and in May 2015, the temperature ranged from a minimum of −1.6 °C to a 
maximum of 32.8 °C (Bureau of Meteorology 2016). 
 
Figure 3.1. The location of A) the Simpson Desert (dark grey shading), Australia, B) Andado 
Station, Northern Territory, Australia (light grey shading) and C) the radio-telemetry study sites 
(circles) within cracking clay habitats (hatched lines) mapped by Kennedy and Sugars (2001).  
Live-trapping 
Trapping (and all other procedures) was undertaken in accordance with the American 
Society of Mammalogists guidelines (Sikes et al. 2011) and was approved by the University of 
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Sydney Animal Ethics Committee (approval no. 2014/584). Animals for radiotracking were 
captured in aluminium box traps (Elliott Type A, 30 × 10 × 10 cm; Elliott Scientific, Upwey, 
Victoria, Australia) placed along transects at 20-m spacing in cracking clay habitat. Transects at 
site 1 (Figure 3.1C) were placed on the edge of the cracking clay habitat, adjacent to the stony 
plain, to investigate how readily P. australis would use adjacent habitat. However, no P. 
australis were trapped here in 50 trap nights, and transects therefore were moved further into the 
cracking clay habitat. There were two transects per site, each comprising 25 traps set at 20-m 
spacing, and each trap was baited with a mixture of peanut butter and rolled oats. During May, 
polyester fibre was provided in traps to protect animals against the cold. Traps were set at sunset, 
checked, and closed at sunrise. For all animals trapped, species, sex, body mass (g), and 
reproductive condition were recorded. Those animals with a body mass above 30 g, excluding 
pregnant females, were taken back to the field camp and kept in a cool, dark, quiet place until 
attachment of a radiotransmitter. Animals were always kept in a shady area. If temperatures 
during the day were high, wet cloths were placed over the holding facility to decrease the 
temperature and increase humidity. 
Radio-tracking 
Single-stage VHF transmitters (Sirtrack Lite, 1.5 and 1.7 g, Sirtrack, Havelock North, 
New Zealand), consisting of a radiotransmitter attached to a cable tie collar, were fitted to 
animals with body mass > 30 g for the 1.5-g collars and > 35 g body mass for the 1.7-g collars. 
This was so that collar weight represented < 5% of body mass, as recommended by Sikes et al. 
(2011) (Figure 3.2A,B). Collared animals were individually ear-clipped for future identification. 
Animals were collared an hour before sunset and were held for an hour to ensure successful 
attachment. Animals then were released at the point of capture. No animals showed detrimental 
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effects of collar attachment. There were six occasions when a functioning radiotransmitter could 
not be found to obtain a fix but was located at a subsequent time. After tracking was completed, 
animals were recaptured for collar removal by targeted trapping around the burrows or cracks to 
which they had been tracked. Of the 18 radiotransmitters deployed, nine were retrieved, three 
came off animals while underground (animals were later caught and identified by individual ear-
clips), two ceased functioning after deployment (as evidenced by an increasingly weak signal), 
and four could not be retrieved despite targeted and intensive trapping efforts. One animal whose 
radiotransmitter ceased functioning after deployment was captured during subsequent trapping 
and the collar was removed. 
A  B  
Figure 3.2: A) Sirtrack Lite single stage 1.5 g VHF transmitter and B) a Pseudomys australis 
individual with collar attached (cable tie was trimmed prior to release of animal) 
Animals were tracked using a Sirtrack Ultra receiver and Yagi directional antenna. Fixes 
were taken using a GPS (Garmin GPSmap 62S). We took fixes every 3 – 4 h during the duration 
of each tracking night between 18:00 and 06:00 h. The spacing of fix times was chosen both to 
minimise disturbance to tracked animals and reduce autocorrelation of fixes. As work was 
undertaken at night with cattle walking through the area, head-torches were used. Radiotracked 
individuals occasionally responded to the light by stopping and looking towards the observer. 
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Although this is not ideal, it was necessary to ensure the safety of observers. During the 
November 2014 tracking, the 06:00 h tracking occurred after sunrise, which occurred between 
05:30 and 05:41 h, and the 18:00 h tracking before sunset, which occurred between 18:44 and 
19:03 h (Geoscience Australia 2016). During May 2015, most evening fixes were taken after 
sunset, which occurred between 18:56 and 19:03 h, and morning fixes were taken after sunrise, 
which occurred between 05:48 and 05:55 h (Geoscience Australia 2016). As the collars had low 
range (generally ≤ 100 m and occasionally < 20 m) and we wanted to assess shelter resources 
used by P. australis, we tracked animals directly to the burrow or crack that they occupied or 
took a fix where they were observed above ground. Animals appeared not to move very far when 
approached within ~10 m at night, which was close enough for the observer to confirm that the 
animal was collared. Fixes were taken at the point each animal was observed after it had moved 
away. 
The type of shelter (crack, burrow, or observed above ground) used by each animal was 
recorded and, for cracks and burrows, the width, length, and depth were measured by day. Depth 
was measured as perceived vertical depth; i.e., the greatest depth that a measuring device could 
be inserted into the burrow or crack perpendicular to the ground surface, for consistency between 
different shelter types. Width and length were measured at the widest and longest point of the 
crack, respectively, at the ground surface for consistency of measurement. Individuals were 
recorded as being in a burrow, as opposed to a crack or above ground, when there was a clear 
burrow entrance and evidence of excavation present. Pseudomys australis burrows can be 
identified by a round exit hole approximately 3 – 4 cm diameter, with a small spoil heap adjacent 
(Brandle & Moseby 1999). 
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Statistical analyses 
Average linear distance and time between consecutive night-time fixes (fix interval) were 
calculated. Spearman’s rank correlation was used to determine if there was a dependency of 
distance between consecutive fixes and fix interval. To determine the occurrence of daytime 
movements, we calculated the linear distance between fixes taken after sunrise, when animals 
were expected to be in their day burrows, and before sunset, before animals left their day 
burrows. Pairs of fixes where one or both fixes were taken before sunrise or after sunset were 
excluded from the analysis of daytime movement. Only three pairs of fixes from May 2015 fitted 
these parameters, therefore only daytime movements during November 2014 were assessed. 
Differences in maximum and average linear distances between fixes taken at night between 
seasons and sexes were analysed using Kruskal–Wallis tests. 
Home ranges reported here are short-term ranges due to the short life-span of the 
transmitters used (~30 days). Home ranges were estimated using the minimum convex polygon 
(MCP) and kernel density estimation (KDE) methods in Geospatial Modelling Environment 
(Beyer 2012) and then mapped using ArcMap 10.1 (ESRI Inc. 2012). The MCP method relies on 
points taken on the periphery of the distribution and does not take into account the distribution of 
points within this area. The KDE method is more informative than MCP as it gives a probability-
density estimate of intensity of use within the home range, which forms a basis for further 
investigation of habitat use and preference (Silverman 1986, Seaman & Powell 1996).  
KDE was used to calculate home range sizes at the 5% to 95% isopleths. Area (ha) was 
calculated for each 5% incremental isopleth. Area was plotted against isopleth. The boundary of 
the total range was determined as the 90% isopleth, as the greatest increase in area occurred 
between 90% and 95%. The point on the graph where the slope of the plot becomes steeper was 
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taken as the point to define the boundary between the core area and total range, and the core area 
was determined as being at the 50% isopleth. Fixed kernel estimators with least-squares cross-
validation to choose bandwidth were used to calculate core area and total range (Seaman & 
Powell 1996). Differences between MCP home range size and KDE total range size, and KDE 
total range and core area, were analysed using Wilcoxon rank sum tests. Kruskal–Wallis tests 
were used to determine differences in the percentage of fixes taken in the total range versus core 
area. Analysis of covariance (ANCOVA) was used to determine differences in the total range 
and core area between seasons and sexes, or if there was an interaction between these two factors 
and animal body mass. Total range and core area were log10 transformed prior to this analysis to 
ensure homogeneity of variances and to normalise the distribution. Mass remained 
untransformed, as transformation led to greater heterogeneity of variances and deviation from the 
normal distribution. 
The following equation was used to estimate percentage total range and core area overlap 
between pairs of collared animals (Atwood & Weeks 2003):  
([(areaαβ/home rangeα) × (areaαβ/home rangeβ)]
0.5
) × 100 
where areaαβ is the area of the overlapping ranges, and home rangeα and home rangeβ are the 
areas of the respective individual home ranges (Atwood & Weeks 2003).  
Linear regression was used to determine if the number of burrows and cracks used 
increased with numbers of fixes. There appeared to be a nonlinear relationship between the 
number of fixes and the number of burrows, therefore quadratic and polynomial regressions were 
attempted. However, the fit of these did not differ significantly from the linear model. A one-way 
analysis of variance (ANOVA) was used to analyse the difference in crack width and perceived 
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depth between cracks and burrows. Burrows dug into the sides of cracks were classed as burrows 
for these analyses. A one-way ANOVA was also used to determine differences in widths and 
depths of cracks with and without burrows.  
Results are presented as mean ± SE throughout. All data were tested for normality using 
the Shapiro–Wilk test and homogeneity of variances using Levene’s test prior to statistical 
analysis. All statistical analyses were undertaken using R version 3.3.0 (R Core Team 2016). 
RESULTS 
Eighteen P. australis were fitted with radiotransmitters during this study (13 males and 
five females; Table 3.1). Trapping was not designed to assess the abundance of P. australis at the 
study sites and we therefore were not able to estimate the percentage of the population tagged for 
this study. The sex ratio of animals was biased as a result of three of the four females trapped 
being pregnant, and therefore not collared during the spring tracking period, and collars on other 
females breaking during the autumn tracking period. Body masses of males and females were 
similar (male: 40.3 ± 1.6 g, female: 39.2 ± 1.7). Individuals were tracked from 1 – 17 days, and 
between one and 64 fixes were collected for each animal. Short tracking times were a result of 
radiotransmitters failing or coming off animals, as noted above.  
Movement and home range size 
All fixes taken of tracked P. australis were within the cracking clay habitat. Home ranges 
at site 1 and site 2 were within continuous cracking clay habitat, and home ranges at site 3 were 
in cracking clay interspersed with lower-lying claypans > 10 m diameter. 
Linear distance between consecutive fixes was negatively correlated with fix interval (rs 
= 0.27, P < 0.001). Maximum linear distance between consecutive fixes during the night 
Chapter 3 – Spatial ecology of Pseudomys australis 
   74 
 
averaged 149.4 ± 31.3 m and ranged from 54.4 to 492.8 m (Table 3.1). There were no 
differences in the maximum linear distance between consecutive fixes between seasons (H1 = 
0.9, P > 0.3, n = 15) or sexes (H1 = 1.1, P > 0.2, n = 15). Average linear distance between 
consecutive fixes at night was 50.2 ± 8.9 m and ranged from 6.7 to 119.1 m. Average linear 
distance between consecutive fixes at night was lower in autumn than spring (H1 = 3.9, P = 
0.049, n = 15) but did not differ between sexes (H1 = 2.5, P = 0.1, n = 15). 
Table 3.1. Tracking statistics, including site and season of tracking, sex and weight (g), number 
of days tracked and number of fixes taken, maximum linear distance moved (m), and home range 
estimates (ha) calculated by the minimum convex polygon method at the 100% isopleth (MCP) 
and the kernel density estimate (KDE) at the 90% isopleth (total range) and 50% isopleth (core 
area) for the 18 tracked Pseudomys australis during spring 2014 and autumn 2015, Andado 
Station, Simpson Desert, Australia. M = male; F = female. *Fixes presumed to have been taken 
of a collar after it had come off the animal being tracked. 
ID Site Season Sex 
Body 
mass 
Number 
of days 
Number 
of fixes 
 
MCP 
KDE 
Max. 
linear 
distance 90% 50% 
12 2 Spring M 44 13 59 193.50 2.71 3.87 1.00 
30 1 Spring M 39 6 17 90.82 0.56 1.20 0.29 
72 2 Spring M 47 17 64 122.42 0.76 0.11 0.02 
92 3 Autumn F 42.5 11 37 54.44 0.15 0.09 0.02 
131 2 Spring F 39 16 64 103.06 0.65 0.61 0.16 
151 3 Autumn F 43.5 10 37 492.83 0.41 0.32 0.05 
172 2 Spring M 43 1 1 - - - - 
191 2 Spring M 37 1 1 - - - - 
211 1 Spring M 33 3 8 136.05 0.48 - - 
232 3 Autumn M 37 5 11 94.22 0.18 - - 
292 1 Autumn M 31.5 11 39 62.12 0.11 0.16 0.05 
352 1 Autumn M 37.5 3 5 124.55 0.1 - - 
392 2 Spring M 35 5 22 104.86 0.58 1.24 0.34 
412 3 Autumn M 45 11 39 177.82 0.58 0.62 0.14 
432 1 Autumn F 36 3 10 59.41 0.22 - - 
472 1 Autumn M 38.5 11 37 118.93 0.5 0.62 0.09 
491 2 Spring M 48 17 63 297.48 5.06 5.97 1.53 
372* 3 Autumn F 35 11 36 - -  -  -  
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Only data from spring were analysed for trends in daytime linear movement, as there 
were only three samples from the autumn tracking session fitting the inclusion criteria. Average 
linear distance between daytime fixes was 11.2 ± 5.2 m. There were three long-distance 
movements (> 10 m) made by day that could not be explained by GPS error, short underground 
movement in burrows, or the time of the day between post-sunrise and pre-sunset fixes (animal 
ID 491: 161 m; ID 131: 112 m, 77 m). These three movements occurred on two different days, 
for which there were no obvious differences in climate recorded. After removing these outliers, 
the average distance between daytime fixes during the day was 2.96 ± 0.33 m, which can be 
attributed to GPS error or very short underground movements.  
MCP home ranges were calculated for 15 animals (Table 3.1), which excluded two for 
which just one fix was obtained and one individual, for which 36 fixes were obtained, but from 
the same location (this animal was later trapped without a collar). When MCP home range was 
plotted against the number of fixes, home ranges of females reached an asymptote between 10 
and 40 fixes for individuals with > 35 fixes, but was still increasing for one female with just 10 
fixes. For three males, the asymptote was reached at 20 – 40 fixes and the remaining eight males 
had not reached an asymptote at the completion of tracking. Home range estimates by the 100% 
MCP method ranged between 0.10 and 5.06 ha, and averaged 0.87 ± 0.34 ha. 
Sufficient fixes for KDE total range and core area estimation (n > 17) were obtained for 
11 of the 18 individuals tracked (Table 3.1). Total range (90% KDE) size varied from 0.09 to 
5.97 ha and averaged 1.35 ± 0.56 ha. Total ranges calculated using the KDE method were not 
correlated with the number of fixes (rs = −0.09, P > 0.7, n = 11), indicating that KDE home 
range estimates were more reliable than those calculated using MCP. There was no difference in 
home range size calculated by the MCP method compared to the KDE method (W = 67.5, P > 
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0.4, n = 11). Core area (50% KDE) size varied from 0.02 to 1.53 ha, averaged 0.34 ± 0.15 ha, 
and was on average 22.57 ± 1.54% of animals’ total ranges (range: 14.5% to 31.3%). A higher 
percentage of fixes was taken in core areas than in the total ranges (H1 = 15.96, P < 0.0001, n = 
11) and core areas were substantially smaller than total ranges (W = 93, P < 0.05). This indicates 
focused use of resources within these core areas. There was no significant difference in total 
range or core area size between seasons (total: F1,5 = 2.3, P = 0.2, n = 11; core: F1,5 = 4.4, P = 
0.07, n = 11; Figure 3.3A, Figure 3.3B), although both were smaller on average in autumn (total: 
0.36 ± 0.11 ha; core: 0.07 ± 0.02 ha) than in spring (total: 2.17 ± 0.93 ha; core: 0.56 ± 0.24 ha). 
Total and core areas for males (total: 1.72 ± 0.74 ha; core: 0.43 ± 0.19 ha) were larger on average 
than for females (total: 0.34 ± 0.15 ha; core: 0.07 ± 0.04 ha), but this difference was not 
significant (total: F1,5 = 0.7, P = 0.4, n = 11; core: F1,5 = 1.0, P = 0.4, n = 11; Figure 3.3C, Figure 
3.3D). There was no relationship between body mass and total range size (F1,5 = 0.1, P = 0.7, n = 
11) or any interaction between body mass and season (F1,5 = 0.3, P = 0.6, n = 11) or sex (F1,5 = 
0.01, P = 0.9, n = 11). 
Home range overlap 
Of 14 potentially overlapping total ranges, nine did overlap; three female:male and six 
male:male pairs (Figure 3.4A–C). On average, each individual showed overlaps in their total 
ranges with 0.5 ± 0.23 other individuals, by an average of 13.53 ± 5.12%. Where total ranges did 
overlap, they did so between 0.3% and 51.7%. There was only one instance of overlapping core 
areas, and this was by 7.2% between two males. There were no overlapping total ranges between 
females; this is probably due to the large distances separating tracked females from each other 
and the small number of females tracked. This is supported by the trapping of additional females 
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in the area that were not tracked because they were pregnant, below the weight threshold or their 
collar had broken on attachment. 
 
Figure 3.3. Area (ha) of A) total range (90% kernel density estimation [KDE]) and B) core area 
(50% KDE) of Pseudomys australis tracked in spring 2014 and autumn 2015, and C) total range 
and D) core area for male and female P. australis tracked at Andado Station, Simpson Desert, 
Australia. 
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Shelter use 
All tracked P. australis used both burrows and cracks for shelter, with the exception of 
one individual that used only burrows. Many of the burrows occupied by tracked individuals had 
more than one entrance, and those with more than one entrance had several other diggings close 
by where it appeared that burrow digging had been abandoned. Burrows had a spoil heap 
adjacent to the entrance, and there were often multiple runways from one burrow entrance, which 
Figure 3.4. Total ranges (90% 
isopleth, unshaded) and core areas 
(50% isopleth, hash fill) of 
Pseudomys australis tracked during 
spring 2014 and autumn 2015 at A) 
site 1, B) site 2, and C) site 3 at 
Andado Station, Simpson Desert, 
Australia. 
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generally led to other burrows. Burrows were used more than cracks as shelter sites (H1 = 15.8, P 
< 0.0001, n = 11). The number of cracks and burrows used by an individual increased linearly 
with the number of fixes taken (cracks: F1,64 = 154.1, P < 0.0001, n = 10; burrows: F1,424 = 262.6, 
P < 0.0001).  
Overall, 53 different burrows were used by tracked P. australis and 46.9% of these were 
used just once (Figure 3.5A). The maximum number of burrows used by one individual was 11. 
Linear distance between consecutive burrows averaged 61.0 ± 6.9 m. Nine of these burrows were 
used by more than one individual, and all individuals used multiple burrows. There were just two 
occasions when a burrow was shared by two animals during the same period; one female:male 
pair in autumn and one male:male pair in spring. Cracks were used with much lower fidelity than 
burrows, with 85.5% being used just once (Figure 3.5B). Core areas contained 1 – 2 burrows to 
which an individual was tracked for > 20% of fixes, whereas P. australis was tracked to burrows 
for < 11% of fixes outside of these core areas. Overall, 94.8% of daytime fixes were taken at 
burrows and 5.2% at cracks, whereas 70.5% of nighttime fixes were taken at burrows and 29.5% 
at cracks. 
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Figure 3.5. A) The number of burrows plotted against the number of fixes a specific burrow was 
used by an individual Pseudomys australis, and B) the number of cracks plotted against the 
number of fixes a specific crack was used by an individual P. australis tracked during spring 
2014 and autumn 2015 at Andado Station, Simpson Desert, Australia. 
 
Figure 3.6. A) Depth (mm) and B) width (mm) of burrows, cracks without burrows, and cracks 
with burrows, used by Pseudomys australis tracked during spring 2014 and autumn 2015 at 
Andado Station, Simpson Desert, Australia. 
DISCUSSION 
During dry periods, individual P. australis showed a strong preference for cracking clay 
refuge habitat, occupied small home ranges relative to the area of apparently suitable habitat, and 
occupied even smaller core ranges and moved short distances while foraging at night. These 
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patterns of space use were observed in both sexes and across seasons (spring and autumn). High 
overlap of the home ranges of neighbouring individuals also occurred. All animals occupied 
multiple shelter sites, either in burrows or soil cracks, during the tracking period, but focused 
their activity on 1–2 burrows within a distinct core area. The results support and enhance the 
findings of population-level trapping and mark–recapture assessments, which indicated that 
refuge populations of P. australis consist of high densities of animals sharing foraging space and 
shelter sites within limited areas of suitable habitat (Pavey et al. 2014).  
Home range size and habitat preference 
The home range size of arid-zone rodents varies greatly and the average home range size 
we estimated for P. australis is in the mid-range of published home ranges of other similar-sized 
arid-zone rodents (e.g., Behrends et al. 1986, Heske et al. 1995, Perri & Randall 1999, Schradin 
& Pillay 2005, Partridge 2008). For example, home ranges of male Pseudomys chapmani in arid 
habitat in the Pilbara, Australia, averaged 14.4 ha (Anstee et al. 1997), whereas the average home 
range of male Acomys russatus in rocky areas of Israel averaged 0.05 ha (Shagral et al. 2000). 
The home range size of a species can be influenced by social interactions. For example, the home 
range sizes of female Rhabdomys pumilo inhabiting areas dominated by succulent karoo 
vegetation in South Africa are influenced by intraspecific competition and food availability 
(Schradin et al. 2010). However, the quantity of food available in these areas is thought to be an 
additional factor influencing the home range of female R. pumilio (Schradin et al. 2010). Home 
range stability, not just size, may also be influenced by the consistency of food and shelter 
resources, as was suggested for Pseudantechinus macdonnellensis inhabiting rocky range areas 
of central Australia (Pavey et al. 2003). In semi-arid north-central Chile, by comparison, the 
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home range of Octodon degus is less stable, expanding as the availability of food resources 
declines and shifting between areas of available food (Quirici et al. 2010). 
Australian arid-zone rodents and small dasyurid marsupials can move long distances, 
with P. hermannsburgensis recorded moving up to 14 km (Dickman et al. 1995). Given that P. 
australis is more than three times the size of P. hermannsburgensis, P. australis likely has the 
ability to move greater distances. In contrast, the greatest movement recorded by a radiotracked 
individual in this study was < 500 m and that individual was tracked to a burrow in its core area 
in the subsequent fix. In addition to this, home range size did not differ significantly between  
seasons, which suggests that the short-term home range area of P. australis, like that of P. 
macdonnellensis, may be relatively stable. These results of my study suggest that the cracking 
clay refuges occupied by P. australis may contain adequate resources for persistence of 
populations, at least over short time-frames within extended dry periods. The indication from 
previous work that P. australis does not move regularly between refuges (Pavey et al. 2014) was 
supported by the results of this short-term tracking study. However, individuals can be trapped 
outside cracking clay habitats occasionally during extended dry periods (Pavey et al. 2014) and 
further investigation of the drivers and frequency at which this occurs is needed. 
A recent dietary analysis undertaken at the study area indicated that P. australis has a 
varied diet dominated by species of grasses and forbs (mostly seeds), with a small proportion of 
invertebrates (Pavey et al. 2016). Most of the plants consumed are shallow-rooted and short-
lived species that germinate in response to small, isolated rainfall events (Nano & Pavey 2013). 
Minimum thresholds have not been developed for the response of these plant species to rainfall 
in the study region, but studies from other deserts suggest that even events with < 5 mm of 
precipitation may stimulate germination of some shallow-rooted species (Reynolds et al. 2004). 
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Rainfall likely to stimulate a response in these species is expected to occur at the study site at 
least annually (Nano & Pavey 2013), thereby providing a regular supply of food resources to 
support the persistence of P. australis in the refuge areas. However, these food resources are 
probably spatially and temporally patchy, and the home ranges of P. australis may shift 
accordingly. I did not quantify food resources during this study, and this should be a focus of 
future research. 
Home range overlap 
The stability in short-term home ranges observed in this study may be driven by the 
social organization of P. australis. The degree of home range overlap can be an indication of 
tolerance of conspecifics. High home range overlap among R. pumilio is related to sharing of 
sleeping sites by individuals within groups living in succulent shrubland habitat (84% overlap), 
whereas in grassland populations lower home range overlap (≤ 36.7% overlap) corresponds with 
a lack of obvious group formation (Schradin & Pillay 2005). Total home range areas of P. 
australis in this study overlapped by between 0.25% and 51.74%, but tracked individuals were 
also often seen in close proximity to untagged individuals, indicating tolerance of conspecifics. 
Despite some core areas being within < 10 m of other core areas, low overlap was observed, 
indicating that some group structuring may occur. Up to 20 individuals, both male and female, 
have been observed occupying the same burrow system at the same time when females are not, 
reproductively, receptive, whereas this reduces to one male and up to three females during 
breeding (Watts & Aslin 1981). This suggests that social organization and therefore home range 
distribution may change depending on breeding activity. Such shifts have been reported in other 
arid-dwelling rodents, such as Notomys alexis and P. hermannsburgensis (Dickman et al. 2010). 
While we recorded breeding activity during the spring tracking period (three pregnant females), 
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further tracking of individuals in both the breeding and non-breeding season is needed to 
investigate this further for P. australis. 
Shelter use 
Shelter resources may explain the presence of a distinct core area for P. australis. The 
presence of a distinct core area within a total range has been explained by the presence of an 
important resource, or of a high concentration of resources, in other arid-dwelling rodents. In the 
Pilbara region of Australia, P. chapmani has a core area situated over a mound of stones above a 
subterranean burrow system (Anstee et al. 1997). Core area overlap occurs only between 
individuals occupying the same mound, indicating that P. chapmani has a complex social system 
(Anstee et al. 1997). In contrast, individuals of Dipodomys ingens are solitary and maintain 
exclusive core areas with actively defended burrows containing seeds (Cooper & Randall 2007). 
Brandle and Moseby (1999) observed little external evidence of burrowing by P. australis except 
runways in deep, friable cracking clay, whereas well-defined burrows were found in the soils 
beneath perennial shrubs. Tracked individuals used burrows frequently in the current study, and 
generally only used cracks for short-term shelter. Runways between burrows indicate that these 
are used with relatively high frequency, which is supported by the finding that core areas were 
centred on 1–2 frequently used (> 20 % of fixes) burrows. There was a lack of core area overlap 
between radiotracked P. australis in this study, but the lack of overlap may be due to the small 
number of individuals tracked. This inference is supported by anecdotal sightings of multiple 
animals being seen above ground and entering burrows together during the study. 
In the study area, cracks in which animals sheltered were more than twice as deep as 
those with burrows dug into them. Cracking clay soils may provide areas of greater friability that 
are easier to burrow in, or the underground network of cracks may provide access to points of 
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weakness where surface penetration is promoted. Cracks provide a more stable microclimate 
than surface environments by buffering the extremes of temperature and relative humidity 
(Waudby & Petit 2017). The extremes of humidity and temperature are also buffered by burrows 
(Kay & Whitford 1978, Bulova 2002). The apparent preference for burrows as long-term shelter 
sites by P. australis may be because individuals can control both the size of the burrow entrance 
and the tunnel architecture, which can provide greater regulation of burrow microclimate. The 
shorter-term use of cracks indicates that these may provide refuges from predation or other 
threats in a landscape where there is little above-ground cover available. 
Conclusions 
Overall, this study has shown that P. australis occupies short-term home ranges that are 
centred on 1–2 frequently used shelter sites and that are relatively small in relation to the size of 
available habitat. These results build on the findings of Pavey et al. (2014) that refuge sites are 
the primary areas occupied by P. australis during dry periods, by showing that the home ranges 
occupied by tracked individuals lie entirely within cracking clay refuges, even when non-refuge 
habitats are close by. A more extensive study is required to determine the degree to which P. 
australis populations are confined to cracking clay habitat on greater temporal and spatial scales, 
to quantify the connectivity between patches of refuge habitat, and to investigate the influence of 
resource variability on the occupancy of refuge sites. This last aspect is taken up in more detail in 
Chapter 4. P. australis refuges, as they are currently defined, occupy a small proportion of the 
landscape and a clearer understanding of the way that refuges function will enable targeted 
management for this threatened species. 
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Chapter 4. The influence of food and shelter resources on the occurrence 
of Pseudomys australis during a dry period 
ABSTRACT 
In agreement with previous studies, the results presented in Chapter 2 and Chapter 3 
identified a strong association of the plains mouse, Pseudomys australis, with cracking clay 
land types during a dry period. In this chapter I draw on the information known about the 
food and shelter resources within the cracking clay preferred by P. australis to assess how 
these influence the occurrence of the species, again during a period when conditions were 
dry. I measured the density of sub-surface soil cracks, and cover of four vegetation types 
(ephemeral forbs, persistent forbs, grasses, litter) and rocks at six live-trapping sites between 
autumn 2015 and autumn 2016. Crack density was consistently the most influential variable 
for predicting the occurrence of P. australis across the study area. Specifically, it appeared 
that the occurrence of P. australis was driven by the presence of cracks. The coverages of 
ephemeral forbs, grasses and litter were also influential, but variable through time. The 
presence of cracks did not differ between seasons but was correlated positively with clay 
content. Grass and ephemeral forb cover, but not litter cover, changed through time and were 
correlated positively with antecedent rainfall. Ephemeral forb and litter cover, but not grass 
cover, were correlated positively with clay content. These results, in addition to those 
presented in the previous chapters, suggest that soil cracks provide a consistent shelter 
resource for P. australis during a dry period and are the key characteristic defining the 
refuges of P. australis.  
INTRODUCTION 
Small mammals inhabiting desert regions influenced by the El Niño – Southern 
Oscillation (ENSO) phenomenon undergo large population fluctuations in response to 
extreme rainfall and drought (Meserve et al. 1995, Lima et al. 1999, Letnic et al. 2005). 
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Extreme rainfall events, characterised by increased rainfall amount and storm connectivity, 
trigger rare, large magnitude but short pulses of primary productivity (Reynolds et al. 2004, 
Schwinning & Sala 2004, Yang et al. 2008, Nano & Pavey 2013). Small mammal populations 
increase substantially following these large resources pulses, although the responses of 
different species can vary markedly (Previtali et al. 2009, Shenbrot et al. 2010, Thibault et al. 
2010, Greenville et al. 2016). Subsequently, as the landscape dries out and resources deplete, 
small mammal populations decline (Dickman et al. 1999, Gutiérrez et al. 2010, Greenville et 
al. 2013). During the long dry periods between resource pulses when populations are small, 
they may be prone to further declines and local extinctions resulting from environmental 
variability, threatening processes and stochastic disturbances (Newsome & Corbett 1975, 
Shaffer 1981, Gabriel & Bürger 1992, Lande 1993). Therefore, populations of species 
inhabiting unpredictable desert environments must be able to acquire enough resources and 
protection from threats or disturbances to persist until the next large resource pulse. 
Plants and invertebrates are major food resources for many desert-dwelling small 
mammals (Brown et al. 1979, Fisher & Dickman 1993, Kronfeld-Schor & Dayan 1999, 
Murray et al. 1999), and the availability of these resources is often linked to rainfall (Hunter 
& Melville 1994, Polis et al. 1998, Reynolds et al. 2004, Langlands et al. 2006, Nano & 
Pavey 2013). As rainfall in desert regions during dry periods can be seasonally biased and 
highly variable between years, the abundance and composition of invertebrates and 
ephemeral plants can vary substantially through time (Reynolds et al. 2004, Langlands et al. 
2006, Nano & Pavey 2013, Kwok et al. 2016). Perennial vegetation also represents food and 
shelter resources for some desert-dwelling small mammals (Du Plessis & Kerley 1991, 
Schradin & Pillay 2004, Partridge 2008). Perennial vegetation remains relatively unchanged 
in response to the small rainfall events that characterise dry periods (Watson et al. 1997, 
Wiegand et al. 2005) and so potentially provides more consistent resources than shorter-lived 
Chapter 4 – Food and shelter resources during a dry period 
94 
 
plants and invertebrates. However, if a small mammal species relies on a particular part of the 
perennial plant (e.g., seeds), inconsistency in those resources may occur in response to 
seasonal and rainfall effects on plant phenology (Beatley 1974, Wright et al. 2014). 
Vegetation and invertebrates can also be vulnerable to stochastic disturbances, such as fire 
(Letnic & Dickman 2005, Langlands et al. 2006, Vamstad & Rotenberry 2010), that increase 
the variability in the system but can also promote important food resources where they do 
occur (Southgate & Carthew 2007, McDonald et al. 2016).  
While vegetation shelters may be temporally variable, desert-dwelling small 
mammals also use potentially more consistent shelter resources such as burrows (Kay & 
Whitford 1978, Shenbrot et al. 1997, Körtner et al. 2007) and soil or rock crevices 
(Ebensperger et al. 2008, Andino et al. 2016, Waudby & Petit 2017), or have been associated 
with geological features, such as rugged outcrops of rocks (McDonald et al. 2018). Soil type 
influences the energetic requirements of burrow construction, and burrow architecture and 
microclimate (Vleck 1979, Ebensperger & Bozinovic 2000, Shenbrot et al. 2002), whereas 
the mineralogical composition of some soil types determines soil crevice formation (Khitrov 
2016). While climate and stochastic disturbances drive the variability of food (and some 
shelter) resources, these primarily substrate-driven shelter resources provide protection from 
climatic extremes (Du Plessis et al. 1992, Andino et al. 2016, Waudby & Petit 2017) or 
threats, such as fire (Lawrence 1966) and predation (Mandelik et al. 2003, McDonald et al. 
2018). Barring human interference, the underlying drivers of these shelter resources (soil and 
geology) are likely to be stable on ecological time scales. 
Small mammal densities are low during dry periods in many desert regions, 
purportedly in response to low resource availability (Dickman et al. 1999, Gutiérrez et al. 
2010). Dry periods often last longer than the life-spans of desert-dwelling small mammals, so 
these species must have adaptations to enable them to persist through these times. One 
Chapter 4 – Food and shelter resources during a dry period 
95 
 
strategy that has been the focus of recent research, particularly on rodents of arid Australia 
but also in South America, is drought refuges (Milstead et al. 2007, Dickman et al. 2011, 
Pavey et al. 2017). Drought refuges are areas of the landscape where species persist during 
unfavourable periods, and are hypothesised to possess intrinsic properties that make them 
more suitable than the surrounding landscape for limited periods (shifting refuges) or more 
consistently over years or decades (fixed refuges) (Pavey et al. 2017). The intrinsic properties 
of drought refuges that drive their location are likely to be important food or shelter resources 
that promote population persistence through long dry periods, or provide respite from some 
threat/s that is operating in the surrounding landscape (Morton 1990, Dickman et al. 2011, 
Pavey et al. 2017). The way in which these resources or threats vary temporally within and 
outside refuges will determine how long a refuge is suitable, and therefore whether it is fixed 
or shifting in time and space.  
Pseudomys australis is a refuge-using rodent endemic to the stony deserts of Australia 
(Brandle et al. 1999). Cracking clay soils (vertisols) have a clayey texture throughout the soil 
profile and typically contain a high proportion of shrink-swell minerals in the clay fraction of 
the soil (Khitrov 2016). Within cracking clay refuges, P. australis uses burrows and naturally 
formed cracks for shelter (Chapter 2, Chapter 3, Pavey et al. 2014). Sub-surface soil cracks 
are used for both short-term and longer-term shelter sites, but appear to be used with lower 
fidelity than burrows dug in these areas (Young et al. 2017, Chapter 3). The underlying 
properties of cracking clay soils are consistent through time, but the density and size of 
cracks, and therefore shelter availability for P. australis, may differ depending on antecedent 
soil moisture (Kishné et al. 2010). High rainfall drives the irruption of P. australis from its 
cracking clay refuges out into the broader landscape, whereas lower but biologically 
significant rainfall during dry periods drives in situ reproduction (Pavey et al. 2014,Chapter 
2). Reproduction is presumably driven by an increase in the abundance of food resources 
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following rainfall, which for P. australis consist predominantly of seeds of short-lived 
grasses and forbs, but also includes stems, leaves and some invertebrates (Pavey et al. 2016). 
The high seasonal and inter-annual variability of rainfall during dry periods across the range 
of P. australis drives variability in these food resources (Nano & Pavey 2013, Pavey et al. 
2016). Therefore, these resources are likely to be inconsistently, but periodically, available 
during dry periods.   
The characteristics that determine the suitability of an area as a refuge for P. australis, 
and the way that these vary spatially and temporally in relation to P. australis occurrence, are 
uncertain, but crucial to understand if this threatened species is to be managed and conserved. 
Here, I undertook a study to assess the role of food (vegetation) and shelter (soil) resources in 
driving the occurrence of P. australis during a dry period, when the species was expected to 
be confined to refuges. Based on the persistence of P. australis during dry periods mainly in 
areas of cracking clay (Chapter 2, Brandle et al. 1999, Pavey et al. 2014) and the stability of 
its short-term use of these areas (Chapter 3), I predicted that the occurrence of P. australis 
during dry periods is driven primarily by temporally consistent shelter resources. However, as 
P. australis also requires food to reproduce and persist throughout dry periods, I predict 
further that temporally variable food resources will drive temporal (seasonal) changes in the 
occurrence of P. australis within cracking clay soil sites. More specifically, I predicted that: 
1. P. australis will occur where shelter resource availability (density of soil cracks) 
is high; 
2. Where cracks are present, variability in the occurrence of P. australis will be 
driven by food resource availability (grass, ephemeral and persistent forbs); 
3. Shelter resource availability (density of soil cracks) will be consistent through 
time, but will be concentrated in the landscape where soil clay content is high; and 
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4. Food resource availability, using vegetation cover as a proxy indicator, will 
increase in response to antecedent rainfall and will vary in space with soil texture. 
MATERIALS AND METHODS 
Study location 
This study was undertaken at Andado Station, a pastoral property with extensive cattle 
grazing in the Simpson Desert, Northern Territory, Australia ( 
Figure 4.1A;  
Figure 4.1B; 25°41’S, 135°29’E). The ~215 km2 study area was situated in a landscape 
comprised of stony plains with lower-lying areas of cracking clay interspersed by isolated 
sand dunes ( 
Figure 4.1C, Figure 2.2 in Chapter 2). See Chapter 2 for a more detailed description 
of the study sites. 
 
Figure 4.1. Location of A) the Simpson Desert, Australia, B) Andado Station in the Northern 
Territory and C) the placement of radial live-trapping transects (solid black lines) within the 
cracking clay (beige), stony plain (purple) and sand dune (yellow) land types in the study 
area. 
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Live-trapping 
Trapping (and all other procedures) was undertaken in accordance with the American 
Society of Mammalogists guidelines (Sikes et al. 2011), and was approved by the University 
of Sydney Animal Ethics Committee (approval no. 2014/584).  
Six sites were trapped between April 2015 and April 2016 ( 
Figure 4.1C). At each site, three transects, each 1 km long, radiated from a centre 
point. Transect direction was randomly chosen, except at site 3.1, where transects were 
placed to traverse the cracking clay due to the small size of the habitat patch. Along each 
transect, 25 aluminium box traps (Elliott type A, 30 × 10 × 10 cm; Elliott Scientific, Upwey, 
Victoria) were placed at 40 m intervals. Each trap was baited with a mixture of peanut butter 
and rolled oats. During cold months, polyester fibre was provided in traps to protect animals 
against low temperatures. Traps were set at sunset, and checked and closed at sunrise. For all 
animals trapped, species, sex, relative age, body mass (g), and reproductive condition were 
recorded. Traps were set for 1 – 3 nights per session; shorter sessions allowed avoidance of 
adverse climatic factors such as heavy rain and extreme temperatures. Traps were set for 
5,850 trap nights overall. Trap effort was lowered to 5,351 trap nights due to interference by 
cattle and Australian ravens (Corvus coronoides) (Table 4.1). 
Table 4.1. Number of Elliott trap nights from April 2015 to April 2016 completed at radial 
trapping sites on Andado Station, Simpson Desert, Australia. C indicates crack measurements 
taken; GC indicates ground cover measurements taken; - indicates that a radial trap site was 
not trapped during a session. 
 
2015 2016 
Site April (C, GC) June (C) July (GC) August (GC) October (C, GC) April (C, GC) 
1.1 158  135 - 145 150 171 
1.2 218 194 - 149 195 218 
1.3 174 54 225 - 220 195 
1.4 207 122 - 143 193 224 
2.1 192 145 225 - 145 191 
3.1 225 150 - 143 222 223 
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Resource data collection 
Data on vegetation and landscape characteristics known or hypothesised to be 
important for the occurrence of P. australis (Table 4.2) were collected with the aim of 
identifying the main determinants of the species distribution in the study area.  
Table 4.2. Vegetation and soil predictors relating to food and shelter resources used to model 
occurrence of Pseudomys australis. * Measurements are explained in the text 
Resource 
type Variable Mean and range* Hypothesis Reference 
Shelter Cracks 0.20 (0 – 9.13) Probability of P. australis 
occurrence will be higher where 
there are subsurface soil cracks 
Brandle et al. 
(1999), Pavey et 
al. (2014) 
 Perennial plant 0.12 (0 – 22.75) Probability of P. australis 
occurrence will be lower where 
there is perennial vegetation 
Brandle et al. 
(1999) 
 
 Rock 8.39 (0 – 92.70) Probability of P. australis 
occurrence will be higher where 
rock cover is lower 
0 
 
Food Grass 5.74 (0 – 58.35) Probability of P. australis 
occurrence will be higher where 
there is high grass cover 
Pavey et al. 
(2016) 
 
Ephemeral 
forb 
2.60 (0 – 33.7) Probability of P. australis 
occurrence will be higher where 
there is high ephemeral forb 
cover 
Pavey et al. 
(2016) 
 
Persistent forb 
 
1.76 (0 – 36.45) 
 
Probability of P. australis 
occurrence will be higher where 
there is high persistent forb 
cover 
Pavey et al. 
(2016) 
 
 
Litter 14.91 (0 – 46.55) Probability of P. australis 
occurrence will be higher where 
there is high litter cover 
Pavey et al. 
(2016) 
 
The point-centred quarter (PCQ) method (Cox 2002) was used to measure crack 
density and size along the radial live-trapping transects during April 2015, June 2015, 
October 2015 and April 2016. Measurements were taken at traps 5, 10, 15, 20 and 25 along 
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each transect in April 2015, and at odd traps plus traps 10 and 20 during June 2016, October 
2015 and April 2016. At each of these traps a line drawn perpendicular to the transect 
separated the area into quarters. In each quarter the crack closest to the trap (centre point) 
within a 5 m radius was located and the distance from the trap to the crack, and crack width 
and depth were measured. Width was measured at the widest point of the crack at the ground 
surface. Depth was measured as perceived vertical depth; i.e., the greatest depth that a 
measuring device could be inserted into the crack perpendicular to the ground surface. Crack 
density was calculated using the following equation: 
1
?̅?2
 
Where ?̅? is the mean point-to-crack distance (m) at a trap site.  
Projected ground cover was recorded at each trap site along all transects using nadir 
(i.e. overhead) photography in April 2015, July 2015, August 2015, October 2015 and April 
2016. The photographic method was chosen as this provided an efficient and logistically 
possible method to obtain ground cover measurements along the 1 km transects. This method 
was also appropriate as most ground cover at the sites was < 10 cm tall. Photographs were 
taken using a Canon EOS 60D digital single lens reflex (DSLR) camera held 1.5 m above the 
ground, with all settings set to automatic and an 18 – 55 mm lens set at 18 mm. This provided 
a photograph of an area of approximately 1 m × 2 m. As ground cover could differ within a 
short distance around each trap (e.g., on the edge of a claypan where one half of the area was 
bare or rock covered and the other half had higher vegetation cover), two photos were taken 
within a 5 m radius of each trap site. Photographs were taken on opposite sides of, and facing 
away from, the trap to avoid overlap. Ground cover in each photograph was then estimated 
using SamplePoint software (Booth et al. 2006). SamplePoint was used to assign cover types 
to 144 grid points on each photograph. Cover types assigned were crust, bare ground (ground 
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where there was no crust cover or crust cover had been broken), rock, litter, standing dead 
vegetation, grass, ephemeral forb and persistent forb. SamplePoint output included the 
percentage of each cover type assigned in each photograph, which was then averaged 
between the two photographs at each trap site.  
Perennial vegetation cover was measured just once, in July 2016, as this cover type 
was not captured well by the photographic method and was unlikely to change substantially 
throughout the study period (Watson et al. 1997). As for the crack measurements, the PCQ 
method was used to obtain the cover of perennial vegetation within a 20 m radius of each trap 
site. Distance to the nearest individual of each perennial plant species was measured in each 
quarter, along with plant width, length and height. Percentage cover of perennial vegetation 
per m
2
 at each trap site was calculated using the following equation: 
Cover (%) = 
1
(1/𝐷2) ×(𝜋𝑅2)
 × 100 
Where D is the distance to the plant in metres and R is the radius (half the width) of the plant 
in metres. 
Soil texture varied greatly across the study area, from sandy soils on the dunes to finer 
textured cracking clays, and I wanted to assess how soil influenced the spatial variability of 
resources across the study area. Approximately 500 g of soil was sampled from 54 different 
trap sites across the study area in July 2016 and sent to ALS Environmental (ALS Ltd, 5/585 
Maitland Rd, Newcastle NSW) for particle size analysis by hydrometer (Standards Australia 
2003). Four particle size groups were apparent from the soil samples; clay (< 2 μm), silt (2-60 
μm), sand (0.6-2 mm) and gravel (> 2 mm – 6 cm). Soil resistance at the surface and 10 cm 
below the surface (sub-surface) were also measured in July 2016 at 81 trap sites across the 
study area. Rocks and pebbles were avoided when measuring soil resistance. Samples for 
bulk density analysis were taken using a soil core with a volume of 471.34 cm
3
. Samples 
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were weighed after collection and air dried for one week. Bulk density samples were then 
dried in a Steridium DS-500 soil dehydration oven (Steridium, Brisbane, Queensland) at 105 
°C for 24 hours. Samples were subsequently weighed and placed in the oven for another 12 
hours to ensure they had dried completely. Bulk density of the soil was calculated by the 
following equation: 
𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑂𝑣𝑒𝑛 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑖𝑙 𝑐𝑜𝑟𝑒 (𝑐𝑚3)
 
Soil surface and subsurface resistance were measured using a pocket penetrometer once 
during the study (Humboldt Mfg. Co., Elgin, Illinois). Although a pocket penetrometer 
provides measurement at a very small scale, it was preferred to a field penetrometer due to its 
size and the need to carry it while walking along the live-trapping transects. As the pocket 
penetrometer is sensitive to very local differences in soil type and structure, 10 surface 
measurements were taken within a 1 m radius at two points close to the trap site (i.e., 20 
surface measurements per trap site). For the subsurface measurements, two 20 cm deep pits 
were dug at each trap site and 10 penetrometer measurements were taken from each (i.e., 20 
subsurface measurements per trap site). Surface and subsurface penetrometer measurements 
were then averaged for each trap site. To take the surface and subsurface resistance 
measurements, the penetrometer was pressed into the soil until the engraved line 6.35 mm 
from the tip was level with the ground surface. The reading at which this occurred was then 
recorded (kg/cm
2
). 
Statistical analyses 
Statistical analyses were undertaken using R version 3.3.0 (R Core Team 2016). All 
data are presented as mean ± standard error. Where P-values are stated, the significance level 
for statistical analyses was taken to be α = 0.05. Data were graphed using the package 
Chapter 4 – Food and shelter resources during a dry period 
103 
 
ggplot2 (Wickham 2009). Predictor variables were assessed for collinearity using Spearman’s 
correlation coefficient and variance inflation factors in R. No covariates used in analysis were 
collinear (rs > 0.7) or had variance inflation factors > 2.  
Seven cover types were selected to model the naïve occurrence of P. australis 
(presence/absence at trap locations) because they are either resources used by P. australis 
(i.e., food resources: grass, ephemeral forb and litter cover, or shelter: crack cover) or are 
characteristics that may influence habitat suitability for the species (i.e., rock and perennial 
plant cover; Table 4.2). Boosted regression trees (BRT) were used to analyse the influence of 
the resource cover types on the occurrence of P. australis over the entire study and separately 
for autumn 2015, winter 2015, spring 2015 and winter 2016. The core range of P. australis is 
0.34 ± 0.15 ha, which gives a diameter of approximately 65.8 m (Chapter 3). Therefore, data 
from 11 trap sites along each live-trapping transect, with ≥ 80 m between them, were used in 
the BRTs to reduce dependence in the dataset and incorporate the high variability of predictor 
variables across small distances in the study area (e.g., sand dunes can be < 80 m wide). 
BRTs combine regression trees and boosting (a form of machine learning) to improve the 
accuracy of models by combining rough and moderately inaccurate prediction rules to 
produce an accurate one (Schapire 2003, Elith et al. 2008). BRTs are advantageous as they do 
not require data transformation, are not sensitive to outliers, can fit complex nonlinear 
relationships and handle interaction effects between predictors automatically (Elith et al. 
2008). All BRTs were fitted using the gbm library in R (Ridgeway 2017) plus source code 
available online as supplementary material to the publication by Elith et al. (2008). The gbm 
package and source code employ the stochastic gradient descent approach to boosting, 
whereby, at each step following the first tree, existing trees are left unchanged and a new tree 
is fitted to the residuals of the previous model (Elith et al. 2008, Buston & Elith 2011). 
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The gbm.step function requires the specification of the bag fraction, learning rate, tree 
complexity and cross-validation folds. The bag fraction specifies the proportion of data to be 
selected at each step and introduces randomness into the model to improve accuracy and 
speed, and reduce overfitting (Friedman 2002, Elith et al. 2008). The learning rate determines 
the decrease in contribution of each tree as it is added to the model, with slower learning rates 
increasing the number of trees required to reach a minimum deviance (Elith et al. 2008). Tree 
complexity determines the number of nodes in a tree, which also determines the interaction 
depth possible in the model; a value of 4 – 8 is sufficient for most models (Elith et al. 2008, 
Hastie et al. 2009). K-fold cross-validation was used for model development and evaluation. 
In this process the dataset is split into a specified number (K) of subsets (folds), before the 
model is trained on K-1 subsets and tested on the remaining subset (Elith et al. 2008). Four 
folds were used to model data from all seasons. These folds related to the four seasons in 
which data were collected to account for repeated sampling. Ten folds were used in the 
seasonal models except for autumn 2015, when five folds were used due to a smaller dataset. 
Data for cross-validation folds in seasonal models were selected randomly from the dataset.  
Using testing and training data, the gbm.step function iteratively increases the number 
of trees used to create the BRT model until the minimum estimated cross-validation deviance 
has been passed. The percentage predictive deviance measures how well the model explains 
the observed data and percentage cross-validation deviance is a measure of how well the 
model predicts left-out data (Buston & Elith 2011). Models with percentage deviance > 40% 
show strong environmental relationships, whereas those with < 20 % deviance show weak 
relationships (Ferrier & Watson 1997). The number of trees that provide the minimum 
estimated deviance is taken to be the optimal number of trees, and the results from this 
optimal model are provided. The gbm.step function was also run for different learning rates 
and tree complexities between four and eight, and the optimal learning rate and tree 
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complexity was taken to be that which produced the model with the lowest estimated 
deviation and tree numbers between 1000 and 2000. Ten repeats of the gbm.step function 
were run to determine the stability of the model and variability in the results. There was little 
variation in the estimated deviation and predictor influence between the full model runs.  
The area under the receiver operator characteristic curve (AUC) was then used to 
determine the discrimination capacity of the optimal model. AUC can be interpreted as the 
probability that when one presence point and one absence point of P. australis are randomly 
chosen, the classifier will assign a higher score to the presence than the absence event 
(Buston & Elith 2011). Models with AUC values > 0.75 provide potentially useful 
discrimination (Elith et al. 2006). The model with the highest AUC was taken to be the best 
model, and is the one for which results are reported. The relative influence of predictors is 
presented as percentage values; these are relative to the contribution of all other predictors in 
the model and are a measure of how often a predictor is selected and the improvement of the 
model when it is selected (Buston & Elith 2011). Only predictors with a relative contribution 
greater than expected due to chance (100 / number of predictor variables) were considered 
relevant for interpretation (Müller et al. 2013). Therefore only predictors with ≥ 14.29 % 
relative contribution are interpreted. The effects of predictor variables on responses are 
visualised using partial dependence plots while controlling for the average effect of all other 
predictors in the model. A smoother was applied to the plots to improve interpretation using a 
smoothing spline. Interactions between predictors are automatically modelled due to the 
structure of the tree, and are discussed.  
Crack width and depth, and surface and subsurface soil resistance, were used as 
continuous predictor variables in binomial generalised linear mixed effects models (GLMMs) 
with a logit link function to model the influence of these on P. australis occurrence. Crack 
width and depth, eliminating observations where cracks were not present, were both square-
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root transformed and used to model the occurrence of P. australis. Three models including 
the predictor variables surface resistance and subsurface resistance were created; one model 
had an additive relationship between the two predictors, the second an interactive effect and 
the third an additive relationship between surface resistance as a linear variable and 
subsurface resistance as a quadratic variable. Specifying subsurface resistance as a quadratic 
variable reflected the hypothesis that P. australis will prefer areas with mid-range subsurface 
resistance as these will be more suited to burrow construction (Shenbrot et al. 2002). 
ANOVA with the chi-squared test statistic was then used to determine if either the quadratic 
or interaction model was better at describing the relationship with occurrence of P. australis 
than the linear model with an additive relationship between the predictor variables. Site 
nested in season was specified as a random factor in all models to account for repeated 
sampling at the study sites over time. The glmer function of the lme4 library in R was used to 
run all GLMMs (Bates et al. 2015).  
GLMMs were also used to analyse differences in five of the resource cover variables 
(crack presence and the cover of grass, ephemeral forb, persistent forb and litter; perennial 
plant cover was not modelled as it was measured only once during the study) between 
sampling seasons (categorical variable) and with proportional clay content and rock cover 
(continuous variables). Both clay content and rock cover were arcsine transformed prior to 
analysis. Clay was used as the soil texture variable as sand content, silt content and clay 
content were all collinear. A binomial GLMM with logit link function was used to model 
crack presence as a function of sampling season and clay content. GLMMs with the negative 
binomial distribution were used to model grass, ephemeral forb, persistent forb, litter and 
rock cover as the number of points in a grid where a particular cover type was present as a 
function of sampling season and clay content. Rock cover was not expected to change over 
time. However, the model for rock cover included time to ensure that there were differences 
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between each of the sampling sessions due to potential differences in sample location and 
cover of vegetation. Site was specified as a random factor in all models to account for 
repeated sampling at the study sites over time. Pairwise contrasts were analysed using the 
Bonferroni p-value adjustment method to assess differences in cover types between seasons 
using the glht function of the multcomp package in R (Hothorn et al. 2008). Spearman’s rank 
correlations were used to examine the relationship between both surface and sub-surface soil 
resistance and clay content. 
Spearman’s rank correlation was used also to examine the relationship between the 
antecedent precipitation index (API; see Chapter 2 for more details of this index) and each of 
the cover types measured more than once during the study, and pairwise combinations of 
each of these cover types. Rock cover was excluded from the analysis including API because 
it was not expected to be influenced by rainfall. Proportional values of each cover type were 
used and were arcsine transformed prior to analysis. 
RESULTS 
Pseudomys australis occurrence and resource availability 
Crack density made the highest contribution to explaining the occurrence of P. 
australis in all the BRT models, with the exception of autumn 2015 (Table 4.3). Food 
resource variables were also important, but their contribution to the model differed between 
seasons (Table 4.3). Crack density made the greatest contribution to the model incorporating 
data from all seasons, with grass cover next. These were the only two predictors with a 
contribution greater than that expected due to chance (14%). Ephemeral forb, litter, rock, 
persistent forbs and perennial plants all contributed < 14 % to the model. The training AUC 
values were all > 0.85 for training data. Using the smaller cross-validation dataset, no model 
had a cross-validation AUC value ≥ 0.75. Models yielded cross-validation AUC values 
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between 0.627 and 0.721. The deviance values for the training data (explanation of observed 
data) in the full model, and models for winter 2015, spring 2015 and autumn 2016, indicated 
moderate relationships with predictor variables (> 20 % of total deviance explained). Cross-
validation deviance (prediction of left-out data) for these models was between 5.48 % and 
9.30 %. The model for autumn 2015 explained < 15 % of total deviance, indicating that 
relationships with predictor variables were weak. These results may be related to the smaller 
dataset used to model the occurrence of P. australis during this season. 
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Table 4.3. Tree complexity (tc), learning rate (lr), optimal number of trees identified for each model (nt), training and cross-validation 
(CV) percentage deviance explained and AUC, and mean percentage relative contributions of crack density, and grass, ephemeral 
forb, litter, rock, persistent forb and perennial plant cover to the boosted regression tree model of the occurrence of Pseudomys 
australis between autumn 2015 and autumn 2016 with the highest AUC, and the seasonal models. *indicates a lower sample size for 
crack density during sampling time. Bold values indicate a contribution > 14 % (greater than expected by chance). 
    Deviance (%)  AUC  Relative contribution (%) 
Season tc lr nt Training CV 
 
Training  CV 
 
Crack  Grass 
Eph. 
forb Litter Rock Pers. forb 
Peren. 
plant 
All seasons 8 0.0012 1800 23.75 5.74  0.856 0.677  35.00 20.4 12.6 12.38 11.21 7.4 0.01 
Autumn 2015* 2 0.0005 1350 12.58 1.82  0.875 0.627  18.46 17.72 33.83 9.87 14.11 6.02 0 
Winter 2015 6 0.001 1350 23.66 9.30  0.858 0.721  38.67 9.25 18.81 12.76 15.55 4.97 0 
Spring 2015 6 0.0008 1600 22.50 5.48  0.886 0.655  33.07 19.00 7.31 21.55 11.57 7.5 0 
Autumn 2016 6 0.001 1100 24.02 6.08  0.906 0.696  34.87 15.91 23.52 11.75 7.19 6.76 0 
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The partial response plots indicated that, during the entire study, P. australis was more 
likely to occur in areas with many cracks and low grass cover (Figure 4.2). In particular, the 
trend identified in the partial response plot suggests that the occurrence of P. australis is driven 
by the presence of cracks in the landscape. There was a slight increase in the fitted probability of 
P. australis occurring with high ephemeral forb and litter cover and low rock cover, but these 
cover types contributed only 11 % to 13 % to the model (Figure 4.2; Table 4.3). The partial 
response plots show a slight decrease in probability of occurrence of P. australis where there was 
high coverage of persistent forbs, but this cover type contributed < 10 % to the model (Figure 
4.2; Table 4.3). There was no influence of perennial plant cover on the occurrence of P. australis 
as shown by the partial response plots, and its contribution to the model was < 1 %. No strong 
interactions were identified between predictor variables, although there were weak interactions 
between grass cover and ephemeral forb cover (interaction size = 2.81), and grass cover and 
persistent forb cover (interaction size = 3.01).  
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Figure 4.2. Partial dependence plots for the six most influential variables in the highest ranking 
boosted regression tree model for all seasons to illustrate the change in probability of occurrence 
of Pseudomys australis while keeping all other variables fixed at their mean value. For an 
explanation of the variables see Table 4.2, and for the values of relative contribution, see Table 
4.3. Rug plots at the top of plots show the density of data points of each variable on the x-axis. 
Crack density and grass cover were the only two predictors with > 14 % contribution to the 
model. 
Crack density had the greatest influence on P. australis occurrence of all the predictor variables 
during winter 2015, spring 2015 and autumn 2016 and the second greatest contribution to the 
model in autumn 2015 (Table 4.3). As with the model for all seasons, it appeared that the 
presence of P. australis was related to the presence of cracks (Appendices 5 – 8). The relative 
contribution of the food resource predictor variables differed from autumn 2015 to autumn 2016 
(Table 4.3). Persistent forb cover had < 10 % influence on the probability of occurrence of P. 
australis for all seasonal models (Table 4.3). There was no contribution of perennial plant cover 
to any seasonal model (Table 4.3). 
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 Ephemeral forb cover was the most influential predictor variable in the autumn 2015 model, 
whereby the probability of P. australis increased with increasing cover (Appendix 5). The 
occurrence of P. australis declined with increasing grass and rock cover during autumn 2015, 
and both predictor variables contributed > 14 % to this model (Appendix 5). Ephemeral forb 
cover was the most influential food resource predictor in winter 2015, followed by rock cover. 
The probability of occurrence of P. australis increased with increasing cover of ephemeral forbs, 
but declined with higher rock cover (Appendix 6). Litter, grass and persistent forb cover 
contributed < 14 % to the winter 2015 model. Litter and grass cover had the most influence of 
the food resource predictors in spring 2015, with a higher probability of occurrence of P. 
australis up to ~ 20 % litter cover and up to ~ 4 % grass cover, and a lower probability thereafter 
(Appendix 7). Rock, ephemeral forb and persistent forb cover contributed ≤ 14 % to the spring 
2015 model. Ephemeral forb cover was the most influential food resource predictor in autumn 
2016, followed by grass cover. The probability of occurrence of P. australis was related 
positively to ephemeral forb cover, but negatively to grass cover (Appendix 8).  
There was a positive, but non-significant, relationship between occurrence of P. australis 
and crack width (estimate = 0.14, SE = 0.09, z = 1.69, P = 0.09) but not crack depth (estimate = 
0.07, SE = 0.13, z = 0.56, P = 0.58). The models with linear surface and quadratic subsurface 
resistance, or an interaction between surface resistance and subsurface resistance were not better 
at explaining P. australis presence than the model with linear surface and subsurface resistance 
(linear vs. quadratic: χ2 = 1.75, P > 0.05; additive vs. interaction: χ2 = 3.13, P > 0.05). The 
probability of occurrence of P. australis was related negatively to surface resistance (estimate = -
0.40, SE = 0.16, z = -2.52, P < 0.05) and positively to subsurface resistance (estimate = 0.48, SE 
= 0.20, z = 2.46, P < 0.05).  
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Spatial and temporal influences on resource availability 
There were temporal differences in variables relating to food but not shelter resources 
used by P. australis between autumn 2015 and autumn 2016 (Figure 4.3, Appendix 9 and 
Appendix 10). Crack presence did not vary between seasons but was significantly related 
positively to clay content. Crack presence was also related negatively to rock cover, but not 
significantly so (P = 0.06). The cover of grasses, ephemeral forbs and persistent forbs were 
highest in autumn 2016 and lowest in winter and spring 2015. Grass cover was significantly 
higher in autumn 2016 than in other seasons, and slightly higher in autumn 2015 than both 
winter 2015 and spring 2015, but not significantly so. Grass cover did not vary with clay content 
but was negatively related to rock cover. Ephemeral forb cover was significantly higher in 
autumn 2016 than winter 2015 and spring 2015 and was related positively with clay content. 
Ephemeral forb cover was related negatively to rock cover, but not significantly so (P =  0.06). 
Persistent forb cover did not vary with clay content or rock cover. Persistent forb cover was 
higher in winter 2015 than both autumn sampling times, but not significantly so (P = 0.07 for 
both comparisons). The cover of litter followed the inverse trend to that observed for the cover of 
grasses, ephemeral forbs and persistent forbs, whereby cover was highest in winter 2015 and 
spring 2015 than either autumn sampling session. Statistically, the cover of litter cover did not 
differ in any pairwise seasonal comparisons was higher in both winter 2015 and spring 2015 than 
autumn 2016, but did not vary with clay content or rock cover. Litter cover was also lower in 
autumn 2016 than autumn 2015, but not significantly so (P = 0.08). Rock cover did not very 
between seasons, but was related negatively to clay content. Surface soil resistance was 
correlated with clay content (rs = -0.44, P < 0.001), but subsurface soil resistance was not (rs = 
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0.06, P > 0.05). Surface soil resistance and subsurface soil resistance were correlated (rs = 0.35, 
P < 0.0001). 
API in the month prior to sampling ranged from 32.38 mm in spring 2015 to 129.38 mm 
in autumn 2016 (see Figure 2.4 in Chapter 2). The cover of grasses, ephemeral forbs and 
persistent forbs were correlated positively with API one month prior to sampling, though not 
significantly for persistent forbs (grass: rs = 0.73, P < 0.0001, ephemeral forb: rs = 0.66, P < 
0.0001, persistent forb: rs = 0.40, P = 0.05), whereas litter cover showed a negative, but not 
significant correlation (rs = -0.37, P = 0.07). Crack density was not correlated with API one 
month prior to sampling (crack: rs = 0.18, P > 0.05). Grass cover and litter cover were correlated 
negatively (rs = -0.62, P <0.01). The cover of persistent forbs was correlated positively with both 
ephemeral forb cover and crack density (ephemeral forb: rs = 0.50, P < 0.05, crack density: rs = 
0.58, P < 0.01). No other pairwise combinations of resource variables were correlated. 
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Figure 4.3. Mean A) density of cracks, and percentage cover of B) rocks, C) grass, D) ephemeral 
forbs, E) persistent forbs and F) litter between autumn 2015 and autumn 2016 at Andado Station, 
Simpson Desert, Australia. Error bars indicate standard error. Note that y-axis scales differ, for 
ease of interpretation. 
DISCUSSION 
This study provides important insights into the strong association of P. australis with 
cracking clay habitats during dry periods (Chapter 2). Further, it provides understanding as to the 
specific resources that drive the occurrence of P. australis during dry periods and the 
characteristics that define the species’ drought refuges. The presence of cracks, which did not 
change over the study period, was the primary factor driving the occurrence of P. australis 
across the study sites. Two seasonal models indicated that rock cover may negatively affect the 
species' occurrence but, as the maximum relative contribution of rock cover was 15.5 %, its 
effect was likely not strong. Vegetation cover types appear to be secondary drivers of the 
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occurrence of P. australis in the landscape. Cover of ephemeral forb and grasses, the food 
resource variables that contributed most to the species’ occurrence in the models, were 
temporally variable. Pseudomys australis was more likely to occur where ephemeral forb cover 
was higher during autumn 2015, winter 2015 and autumn 2016. Contrary to the prediction that P. 
australis would be present where grass cover was higher, the occurrence of the species was 
negatively related to grass cover, except in winter 2015 when grass was not influential. Crack 
presence, and the cover of rocks, ephemeral forbs and litter were related to higher soil clay 
content, suggesting that soil type is an underlying driver of the location of both food and shelter 
resources for P. australis. These results suggest that resources related to soil type, particularly 
cracks, drive the occurrence of P. australis and therefore the location of their refuges during dry 
periods. 
Shelter resources 
Pseudomys australis was consistently associated with soil cracks, which were always 
available in time but spatially concentrated where clay content was high. The reduced influence 
of crack density in April 2015 was unexpected, but may relate to fewer points at which crack 
attributes were measured during this time. Cracks provide shelter for P. australis (Brandle & 
Moseby 1999, Young et al. 2017), moderating the temperature and relative humidity compared 
to soil surface and ambient levels, and providing a stable environment for fauna inhabiting them 
(Waudby & Petit 2017). However, the results in Chapter 3 show that P. australis uses burrows 
with higher fidelity than cracks, suggesting that there is a benefit to controlling the dimensions of 
the underground shelter. Habitat structure influences the actual and perceived risk of predation 
(Kotler et al. 1991, Lagos et al. 1995b, Abramsky et al. 1996, Mandelik et al. 2003). For 
example, the Cairo spiny mouse Acomys cahirinus forages preferentially where overhead cover 
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from boulders is continuous and predation risk is lower (Mandelik et al. 2003). Likewise, the 
cracks into which P. australis can escape may lower its predation risk in refuges. Predators of P. 
australis occur in, and outside, refuges during dry periods (Chapter 2) and have been observed 
actively hunting P. australis during these times (Pavey et al. 2014). Therefore, cracks may 
provide an escape from the threat of predation in a landscape where other shelter types are 
scarce. 
Predation risk may also interact with climatic buffering to determine habitat preferences. 
The common degu, Octodon degus, for example, has little tolerance for temperatures > 30° C 
and prefers to use shrub microhabitats that provide lower temperatures than those in open 
microhabitats (Lagos et al. 1995a). While predation risk does not affect this relationship during 
the warm season, in the cold season O. degus uses both microhabitats equally in areas where 
there are no predators. For O. degus, it appears that a combination of predator presence and 
higher temperatures act together to influence microhabitat use. In the case of P. australis, the 
need for a more stable microclimate for thermoregulation and shelter from predators may interact 
also with climatic extremes and consistent predation pressure. The subterranean shelter provided 
by cracks fulfils both these roles. 
The probability of occurrence of P. australis is higher where surface soil is softer and 
subsurface soil is harder. Neither surface resistance nor subsurface resistance was collinear with 
crack density. This suggests that, although soil resistance and crack density are both correlated 
with clay content, soil resistance may also influence where P. australis occurs. In harder soils, 
digging is more energetically expensive per unit of soil moved (Vleck 1979, Ebensperger & 
Bozinovic 2000, Luna & Antinuchi 2006). However, burrows in hard clayey soils may be more 
stable than those in softer sandy soils and therefore probably require less maintenance (Shenbrot 
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et al. 2002). Together, soil suitable for burrow construction and sub-surface cracks may allow P. 
australis to persist through dry periods in areas where very little above ground shelter is 
available. Soil analysis in this study was designed to gain an initial insight into potential 
underlying drivers of the shelter and food resource predictor variables. The cost of digging 
activity is less energetically expensive in soft damp soil than in hard dry soil, as observed for O. 
degus, and the naked and Damara mole rats (Heterocephalus glaber and Cryptomys damarensis, 
respectively) (Lovegrove 1988, Ebensperger & Bozinovic 2000). In the wild, this relates to an 
increase in digging activity following rainfall (Ebensperger &Bozinovic 2000). A more detailed 
study of how soil resistance as related to soil moisture and other soil properties, such as 
mineralogy, drive shelter use and construction in P. australis would be useful for teasing out 
these relationships further. 
Food resources 
The contribution of the food resource variables to the occurrence of P. australis differed 
through time and space and was generally lower than the contribution of crack cover. As 
discussed above, autumn 2015 was exceptional in suggesting a marked effect of ephemeral forbs, 
but results may have been confounded by the lower number of crack measurements taken at that 
time. In central Australia, forbs respond more strongly to winter (April – September) rainfall and 
native grasses to summer (October – March) rainfall (Clarke et al. 2005, Nano & Pavey 2013). 
Seasonal effects of rainfall may determine the importance of vegetation cover types to the 
occurrence of P. australis. However, in contrast to the findings of Clarke et al. (2005) and Nano 
and Pavey (2013), the cover of both ephemeral forbs and grasses followed a similar trend over 
the study period and appeared to be driven mainly by rainfall events in summer. Therefore, 
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seasonal changes in food resource availability evidently do not explain the seasonal variation in 
food resource influence in this study. 
Ephemeral forb cover was not important in the overall model, but was the most 
influential food predictor variable in both autumn sampling periods, when its cover was highest, 
and in winter 2015, when its cover was lowest. Ephemeral forb cover was less than grass cover 
during all seasons (Figure 4.3C, D), perhaps suggesting that cover may not be the main reason 
why P. australis occupies areas with high ephemeral forb cover. Seasonal shifts in dietary 
composition have been noted in desert-dwelling rodents (Murray & Dickman 1994, Kronfeld-
Schor & Dayan 1999). For example, two Acomys species in Israel undergo dietary shifts in 
relation to seasonal food availability, consuming arthropods and green vegetation in proportion 
to their availability in the environment (Kronfeld-Schor & Dayan 1999). Conversely, Sigmodon 
hispidus appears to select different food types, despite seasonal differences in their availability, 
to maintain consistency in the proportion of each food type consumed (Kincaid & Cameron 
1985). The composition of the diet of P. australis varies through time, and Pavey et al. (2016) 
noted that selection for dietary items may have occurred when two ephemeral forb species 
(Amaranthus mitchelli and Boerhavia schomburgkiana) comprised the major part of the diet. The 
consistent positive relationship between the occurrence of P. australis and ephemeral forb cover 
in this study may reflect a preference for these areas based on the availability of this food type.  
The negative relationship between the occurrence of P. australis and grass cover was 
unexpected. Grasses are incorporated into the diet of P. australis, and at times can be the most 
important component (Pavey et al. 2016). The lack of correlation between grass cover and soil 
texture also suggests that this is not due to differences between areas with and without cracks. 
Therefore, it appears that grass cover may influence the habitat of P. australis in some other 
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way. In the USA, cover of the shrub Ceratoides lantana may increase predation risk for 
Townsend’s ground squirrel, Urocitellus townsendii, compared to open habitats by impeding 
locomotion and reducing predator detection distances (Schooley et al. 1996). Similarly, in 
Australia, the spinifex hopping mouse, Notomys alexis, reduces its risk of predation by foraging 
preferentially in open habitat, relying on its speed to escape predator attacks (Spencer et al. 
2014).  Average seasonal grass cover during the study never exceeded 15 %, but cover as high as 
58.4 % was recorded at the individual trap level. Although height of vegetation was not 
measured in this study, grasses were generally < 10 cm tall (L. Young, pers. obs). Even if only 
10 cm in height, grass could impede the ability of P. australis to visually detect predators or 
reduce its locomotor ability by obstructing escape routes to cracks or burrows. 
Australian desert rodents are adapted to survive without standing water and can persist on 
a diet of dry seed (MacMillen & Lee 1967, Haines et al. 1974). Plant matter classed as litter in 
this study was made up mostly of dry forbs and grasses with some sticks and twigs. Litter was 
classed separately to all other vegetation, as it represents a potentially temporary resource in an 
open area that experiences high winds. Litter cover had a positive influence on the occurrence of 
P. australis up to ~20 % cover in spring 2015, when the cover of grasses and ephemeral forbs 
had been low for at least four months. This suggests that litter may be a food source for P. 
australis when the availability of other food resources is low. Additionally, litter gets trapped in 
the depressions and cracks that are characteristic of cracking clay soils (L. Young, pers.obs). In 
this way cracks, while providing a stable shelter resource, may also indirectly provide P. 
australis with a stable food resource during dry periods. 
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Refuge characterisation and type 
Pseudomys australis populations vary between refuge (cracking clay) and non-refuge 
habitats, and also within refuges during dry periods (Chapter 2). Overall, the spatial and temporal 
consistency with which P. australis was associated with soil cracks suggests the availability of 
this temporally stable shelter resource is the primary driver of the occurrence of P. australis 
during dry times. Consequently, the presence of cracks also drives the location of P. australis 
drought refuges. Food resources appeared to be secondary drivers of the occurrence of P. 
australis during the study, indicating that these may influence the local distribution of P. 
australis within cracking clay refuges, but not between refuge and non-refuge habitats. A longer-
term study of the food resources of P. australis and finer scale studies of how P. australis uses 
resources that account for the climatic variation experienced in central Australia would help us to 
understand why the influence of vegetation predictors is temporally variable. 
Pavey et al. (2017) distinguished two overarching refuge types, fixed and shifting, 
depending on the spatial and temporal consistency with which it is suitable as a refuge. Fixed 
refuges are more consistently suitable (i.e., for years or decades), whereas the properties of 
shifting refuges vary spatially over shorter-time periods (weeks to months). Sub-surface cracks 
were associated with higher clay content in the study area, which was expected as the shrink-
swell properties of cracking clay soils are related to the amount of some clay minerals in the soil 
(Ross 1978, Smith et al. 1985, Thomas et al. 2000). Soil types are intrinsic differences in the 
landscape that are not likely to change due to stochastic disturbances such as extreme rainfall or 
fire. The consistency that these areas and the resources associated with them are available 
throughout a dry period, and the consistency with which P. australis occupies them (Pavey et al. 
2014, Chapter 2), indicate that the areas are fixed refuges under the Pavey et al. (2017) typology. 
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By way of contrast, N. alexis spends 4 – 5 days around an isolate or small stand of tall shrubs 
within a hummock grassland landscape before moving to a different stand, potentially kilometres 
away (Dickman et al. 2011). The short time-frame of use of these areas indicates that important 
resources are highly variable in time and that N. alexis, in contrast to P. australis, occupies 
shifting refuges (Pavey et al. 2017). 
Conclusions 
The identification of sub-surface cracks as the primary driver of occurrence of P. 
australis in refuge locations during a dry period, and the fixed nature of refuge characteristics, 
are useful for targeted management of this threatened species. That these areas are fixed through 
time and underpinned by soil type in a highly patterned landscape opens up the potential for 
remote sensing to be applied to map these areas more extensively. This should allow the 
identification of foci for conservation management and the detection of refuges in the study area 
and potentially throughout the species' range. These possibilities are explored further in Chapter 
5.  
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Chapter 5. Fine-scale species distribution modelling of Pseudomys australis 
occurrence during a dry period using remotely sensed mineral indices 
ABSTRACT 
The occurrence of the plains mouse, Pseudomys australis, during a dry period is 
strongly associated with cracking clay soils, as confirmed in the previous chapters. Cracking 
clay soils provide a consistent supply of shelter resources for P. australis in a landscape 
where vegetation cover is very low and sparse. In this chapter I used a species distribution 
modelling approach incorporating ground-truthed mineral indices that correlate with field 
measurements of soil texture, rock cover and sub-surface soil crack density and camera-
trapping data to predict the occurrence of P. australis across the study area. The best 
regression model indicated that the occurrence of P. australis was related negatively to ferric 
oxide (Fe
3+
) content and composition. Fe
3+
 content in turn was correlated positively with rock 
cover, which predominantly comprises ironstone gibber. Both Fe
3+ 
content and composition 
were correlated positively with sand content, reflecting the ferric coating on the grains of the 
red sand characteristic of the study area. The occurrence of P. australis was related positively 
to aluminium hydroxide (AlOH) content in soil. Some AlOH-bearing minerals, such as 
montmorillonite, have shrink-swell properties, thereby leading to the development of soil 
cracks. These results concur with those of previous chapters in that the occurrence of P. 
australis is tied strongly to the presence of cracking clay soils. The species distribution model 
provided a means to map the likely occurrence of P. australis, which is useful for targeted 
management of the species and the identification of potential additional refuges. 
INTRODUCTION 
Biodiversity worldwide faces a range of threats, including change, loss and 
degradation of habitat, introduction of invasive species, overexploitation, introduced 
pathogens, and climate change (Mace et al. 2005, Butchart et al. 2010, Urban 2015). In 
Chapter 5 – Modelling the occurrence of Pseudomys australis 
136 
 
response, some recent research has aimed to identify and define areas in the landscape where 
populations of one or more species concentrate and persist during times of low resource 
availability or disturbance, or when threats are heightened. These areas can buffer 
populations from the negative effects of climate extremes, such as drought (Milstead et al. 
2007, Clemann et al. 2013, Pavey et al. 2017) or flooding (Madsen & Shine 1999), promote 
persistence during or following fire (Mackey et al. 2012, Robinson et al. 2013) or provide 
protection from threatening processes such as predation (Ylӧnen et al. 2003, Møller 2012), 
disease (Puschendorf et al. 2011) or anthropogenic activities (Tabeni et al. 2017). Although 
the factors driving the use of these areas by organisms differ, one commonality is that they 
are usually small patches within broader, heterogeneous landscapes. For example, Milstead et 
al. (2007) identified aguada habitat, which occupies ~2 % of their study landscape, as a 
refuge for two rodent species in semi-arid Chile, and Mackey et al. (2012) identified 
“ecosystem greenspots” that function as drought and fire refuges for multiple species, 
occupying just ~0.2 % of the total area of native vegetation studied. Identifying the 
characteristics of these small areas and their location within the landscape provides an 
opportunity to target conservation management on high-value habitat. 
The drought refuge concept has been a focus of recent research into the persistence of 
desert-dwelling small mammals. Long dry periods (“droughts”) prevail in desert regions, 
often influenced by the El-Niño Southern Oscillation phenomenon (ENSO), and are 
interrupted irregularly by large-magnitude rainfall events that trigger pulses of resources. 
Many desert-dwelling small mammals are limited by resource availability (Predavec 1994a, 
Ernest et al. 2000, Previtali et al. 2009); rainfall-driven pulses provide a release from resource 
limitation for small mammals in these areas, following which their populations increase in 
size, area of occupancy and habitat types used (Meserve et al. 1995, Milstead et al. 2007, 
Shenbrot et al. 2010, Dickman et al. 2011). Once the landscape dries out again, these species 
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decline in abundance and some retreat to drought refuges (Milstead et al. 2007, Dickman et 
al. 2011, Pavey et al. 2017). Drought refuges are a subset of a species' potential range that are 
hypothesised to provide a more consistent supply of food and shelter resources than the 
surrounding landscape (Morton 1990, Dickman et al. 2011, Chapter 4), respite from 
threatening processes (McDonald et al. 2015), or a combination of these factors, which are 
likely to be species specific (Pavey et al. 2017). While refuge populations occur where they 
are likely to have the best chance of persistence during dry periods, they may be small and 
isolated, and therefore more prone to decline and extinction from environmental and 
demographic stochasticity and genetic drift (Shaffer 1981, Gabriel & Bürger 1992, Lande 
1993, Saccheri et al. 1998). Additionally, refuge populations may represent a concentration of 
biomass in a resource-poor landscape, making them a target for mobile predators (Pavey et al. 
2014).  
The plains mouse, Pseudomys australis, depends on the presence of sub-surface soil 
cracks in cracking clay refuges to persist during dry periods (Pavey et al. 2014, Chapter 2, 
Chapter 4). However, populations of P. australis respond to antecedent rainfall, and the area 
of occupancy and density of the species fluctuate widely both within dry periods and between 
dry periods and resource pulses (Brandle & Moseby 1999, Pavey et al. 2014, Chapter 2). As 
the density of P. australis populations in cracking clay refuges increases post-rain, densities 
in the adjacent stony plain and sand dune habitats increase (Pavey et al. 2014, Chapter 2) that 
are characterised by higher rock cover (stony plains) or sand content (sand dunes). Therefore, 
the differences between these habitats and the cracking clay are primarily edaphic. Cracking 
clays have higher clay content than stony plains and sand dunes (Chapter 4). However, the 
development of cracks in cracking clay soils (vertisols) is related to clay mineral content, not 
soil texture alone. Specifically, the shrink-swell capacity of soils is related to the presence of 
expansible minerals of the smectite group such as aluminium hydroxide (Ross 1978, Smith et 
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al. 1985, Thomas et al. 2000), and is not likely to be induced in soils with kaolin as a 
dominant mineral (Bhattacharyya et al. 1997, Kariuki & van der Meer 2004). Much of 
Australia’s stony desert landscape is dominated by superficial gibber; predominantly, this 
comprises silcrete rocks and pebbles that can contain the ferric minerals haematite and 
goethite (Twidale & Bourne 2002). The characteristic red sand dunes of central Australian 
deserts get their colour from a ferric coating on the surface of the sand grains (Wasson 1983). 
These differences in soil type and mineralogy in my study area enable them to be defined via 
remotely sensed data, and provide an ideal opportunity to map the refuges of P. australis at 
landscapes scales. 
During dry periods, P. australis populations can reach very low numbers in both 
refuges and the wider landscape, with predators occurring also at low levels within and 
surrounding the refuges (Chapter 2; Pavey et al. 2014). The development of more specific 
and localised models of the occurrence of P. australis during dry periods would allow 
prediction of the species' refuge locations and, subsequently, the focused management of 
predators or other identified threats in these areas. Mapping species-specific refuges requires 
the development of landscape scale species distribution models (SDMs), which in turn 
require fine scale predictors that correspond to the known ecological requirements that drive 
a species' occurrence in the landscape (Gibson et al. 2004, Austin 2007, Bean et al. 2014). 
Remote sensing can provide data at a scale suitable for mapping species distributions at a 
landscape scale (e.g., Bean et al. 2014, McDonald et al. 2018), but needs to be well grounded 
by field data to ensure that maps can be correctly interpreted and related to the species' 
occurrence on-ground. This can be difficult without prior knowledge of species' population 
dynamics and resource requirements. Therefore, the results presented in Chapter 2 
(population dynamics and land type association), Chapter 3 (home range) and Chapter 4 
(resource associations) provide the basis for choosing remotely sensed predictor variables at 
Chapter 5 – Modelling the occurrence of Pseudomys australis 
139 
 
an appropriate extent and resolution to be used to model the likely distribution of P. australis 
refuges.   
Focusing on P. australis in my study area in the western Simpson Desert, Australia, I 
aimed to map the distribution of the species' refuges during a dry period using soil mineral 
indices derived from Advanced Spaceborne Thermal Emission and Reflection Radiometer 
(ASTER) imagery. Indices of minerals that are associated with the above-described 
differences between cracking clay, stony plain and sand dune land types, such as iron, 
aluminium hydroxide, kaolin and silica, can be calculated from ASTER imagery. Soil texture, 
rock cover and crack density were sampled across the study area to assess the correlation 
between these indices and on-ground landscape patterns to investigate their use for mapping 
the distribution of potential refuges of P. australis. I predicted that the detection frequency of 
P. australis would be: 
1) higher where indices indicate the presence of shrink-swell minerals (i.e., positive 
relationship with aluminium hydroxide mineral indices, but negative relationship 
with kaolin group minerals), and 
2) lower where indices indicate higher cover of rocks and sand content (i.e., negative 
relationship with ferric, ferrous and silica minerals). 
MATERIALS AND METHODS 
Study location 
This study was undertaken at Andado Station, a pastoral property in the Simpson 
Desert, Northern Territory, Australia (Figure 5.1A & B; 25°41’S, 135°29’E). The ~215 km2 
study area is situated in a landscape comprised of stony plains with lower lying areas of 
cracking clay interspersed by isolated sand dunes (Figure 5.1C, Figure 2.2 in Chapter 2). See 
Chapter 2 for a more detailed description of the study sites. 
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Figure 5.1. Location of A) the Simpson Desert, Australia (dark grey shading), B) Andado 
Station, Northern Territory and C) the study area with camera-trapping sites (black dots) and 
trapping transects (white lines) 
Camera trapping 
Camera traps were used to determine where P. australis occurred over the study area 
between April 2015 and April 2016. Camera-trapping is becoming a widely used technique 
for sampling small and large vertebrates, as it can be an effective, economical and efficient 
way to obtain data at increasingly large spatial and temporal scales (De Bondi et al. 2010, 
Molyneux et al. 2017). Pilot trials were undertaken using Reconyx HC500 Hyperfire semi-
covert cameras (Reconyx, Holmen, Wisconsin) to determine the effectiveness of the cameras 
in reliably detecting P. australis, and to ensure that P. australis could be accurately identified 
from photographs (Appendix 12). The pilot trials showed that P. australis could be reliably 
detected and identified from camera-trap photos (Appendix 11). The probability of detecting 
P. australis on cameras was initially assessed by calculating a naïve detection probability 
using data from the pilot trials in the unmarked package in R (Fiske & Chandler 2011). Given 
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that a detection probability of > 0.3 is desirable (MacKenzie et al. 2002), a detection 
probability of 0.71 indicated that camera-traps reliably detected P. australis. Two camera 
traps were set at sites after live-trapping in April 2015. Live- and camera-trapping detected P. 
australis at both sites, indicating that camera-traps are reliable for detecting P.australis. 
Reconyx PC800 Hyperfire Professional semi-covert cameras were used for the study 
between April 2015 and April 2016, with the addition of four Reconyx HC500 between April 
and August 2015. Reconyx PC800 and HC500 cameras have a passive infrared motion 
detector and an infrared illuminator for taking night-time photographs. The Reconyx HC500 
cameras have similar specifications to Reconyx PC800 cameras, but the illumination range at 
night is shorter and images have a narrower field of view.  This was not an issue for this 
study as cameras were less than the maximum illumination distance from the ground, and the 
focus was on the bait jar in the centre of the image. Cameras were fixed to a bracket on a star 
picket and set 1 m above the ground, facing downwards. The star picket was 3 cm wide and 
the cameras were set so that this was in view in the photographs and could be used for scale. 
Cameras were set to take still photographs at high sensitivity, to take three photos per trigger 
and with no delay between consecutive triggers (i.e., rapidfire). In the first session, a 
specimen jar with holes drilled in it containing peanut butter and oat bait was fixed into the 
ground with a tent peg. Australian ravens (Corvus coronoides) interfered with these baits, 
displacing them from the field of view of the camera during the first (April 2015) camera-
trapping session. Therefore, in subsequent sessions, bait was buried under a rock, and 
smeared on the rock and the star picket so that, while bait could be easily consumed, it was 
less likely that all the bait and the associated smell (lure) would be taken out of the field of 
view of the camera.  
Initially, in April 2015, cameras were placed 300 m away from the furthest live-
capture along trapping transects (Figure 5.1C), at a right angle to the transect, or diagonally 
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away from the end of the transect if the furthest capture was at the last trap. This was > 2 
times the average home range calculated for P. australis (Young et al. 2017) and maximised 
the spatial independence of sampling units. One camera was placed at each camera sampling 
point. Eleven of the 18 trapping transects had cameras placed either side of them during April 
2015 due to the availability of cameras and time constraints. As previous work had been 
undertaken on the distribution of P. australis across the study area (Pavey et al. 2014, 
Chapter 2), and only a modest number of cameras was available, camera placement was 
designed to move out from known detection sites (where animals were live-captured) to areas 
likely to be outside the refuge, thus helping to define the refuge boundary. In May 2015 and 
June 2015 cameras were checked and moved another 300 m from the trapping transects if any 
P. australis was detected on them. Cameras with no P. australis detections were left in place. 
In July 2015, it became apparent that P. australis occupied a wider area than previously 
expected, and that moving the cameras at 300 m intervals would be too slow to ascertain 
refuge boundaries by the end of the project. Therefore, selected cameras were moved to the 
edge of the cracking clay, and between July 2015 and November 2015 were moved at 
intervals > 200 m out from the centre of the cracking if P. australis was detected to increase 
spatial coverage of these areas. Four cameras were moved < 200 m (but > 100 m) due to 
sharp land type changes (e.g., sand dune to stony plain) or cattle activity. Cameras placed 
within the cracking clay remained in the same location from October 2015. All cameras 
remained in the same location from November 2015 to April 2016. The minimum distance 
between any two cameras during the same session was 272 m. 
The number of cameras deployed each month differed depending on availability and 
camera malfunctions (Table 5.1). The number of days that each camera was deployed also 
differed by camera and by month (Table 5.1) due to the logistics associated with returning to 
the study site, battery depletion, and cattle interference. Additional star pickets were placed 
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around cameras in an attempt to deter cattle. However, this was not effective. On three 
occasions (August 2015 – two cameras, February 2016 and May to July 2016 – all cameras) 
rainfall impeded access to the study area, resulting in longer deployment times. Overall, 
cameras were set at 117 sites across the study area for between one and eight months at each 
site. 
Table 5.1. Number of cameras deployed and mean number of operational days for each 
sampling session between April 2015 and April 2016 at Andado Station, Simpson Desert, 
Australia 
Month Cameras deployed Mean days operational 
April 2015 21 28.0 
May 2015 23 33.9 
June 2015 21 24.7 
July 2015 22 33.9 
August 2015 27 24.2 
September 2015 30 22.0 
October 2015 30 24.6 
November 2015 28 72.1 
March 2016 27 29.5 
April 2016 27 42.6 
 
Reconyx MapView Professional (Reconyx Inc. 2016) was used to tag all photos taken 
on each camera. Animals were identified to species where possible. If this was not possible, 
they were placed into a higher category (e.g., small mammal, reptile). No individual 
identification of P. australis was possible from photographs as individuals do not have 
unique markings. 
Assessment and calculation of mineral indices 
As the occurrence of P. australis is driven primarily by characteristics related to soil 
type (Chapter 4), I calculated mineral indices from ASTER satellite imagery and ground-
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truthed these with soil texture, rock cover and crack cover measurements from the study area. 
The ASTER mineral indices correlated well with the field measurements (see Results 
section), and were therefore used to model the occurrence of P. australis during a dry period 
across the study area.  
ASTER imagery has 14 bands: three are within the visible-near infrared (VNIR), six 
are within the short-wave infrared (SWIR), and five are within the thermal infrared (TIR) 
wavelengths (Abrams et al. 2004). The multispectral SWIR wavelength region is useful for 
detecting OH-bearing and carbonate mineral spectral features, while the multispectral TIR 
wavelength region is useful for detecting the diagnostic features of other silicates and 
carbonates (Clark et al. 1990, Grove et al. 1992, Salisbury & D'Aria 1992). This spectral 
resolution provides spectral signatures of mineral groups at resolutions of 15 m in the VNIR 
bands, 30 m in the SWIR bands and 90 m in the thermal infrared (TIR) bands (Hewson & 
Cudahy 2010). The signatures of the mineral groups derived from ASTER imagery can be 
affected by water vapour, vegetation cover and SWIR 'crosstalk' (Iwasaki et al. 2002, 
Hewson & Cudahy 2010, Cudahy 2012). Water vapour and SWIR crosstalk are particularly 
relevant when creating multi-temporal tiled mosaics of individual ASTER scenes and their 
derived products (Hewson et al. 2005).  
A single ASTER level 1T scene (tile), with geometric corrections applied, covered the 
entirety of the study area and was downloaded from the US Geological Survey’s Earth 
Explorer website (U.S. Geological Survey 2017). The scene was dated 23
rd
 November 2003. 
8.4 mm of rain was recorded at the closest weather station (Andado Homestead) in the four 
days preceding the image capture, following 50 days without any rain (Bureau of 
Meteorology 2018). This amount of rain was not expected to result in large areas of standing 
water or vegetation growth, and inspection of a Landsat 7 natural colour image captured on 
the 23
rd
 November 2003 confirmed this (U.S. Geological Survey 2017). The single ASTER 
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level 1T scene was considered appropriate to use as 1) the mineralogy of the area will not 
have changed substantially over the period 2003 to 2016, 2) the time at which the scene was 
captured was dry, with minimal vegetation cover obscuring the area of interest, and 3) it pre-
dated the crosstalk issues and decommissioning of the SWIR sensor. 
Prior to index calculation, the VNIR and SWIR datasets were converted from 
unscaled digital number to radiance (w/m
2
/sr/μm) to Top of Atmosphere reflectance using R 
code available from the Land Processes Distributed Active Archive Center (Krehbiel 2017). 
This is because the measurement of biophysical properties requires the data to be measured in 
reflectance (Krehbiel 2017). Individual bands were then resampled in ESRI ArcMap 10.1 
(ESRI Inc. 2012) to the same resolution (cell size)—90 m—to correspond with TIR band 
resolution, and extent (size and location) using bilinear interpolation. Base algorithms for 
identifying mineral indices from ASTER output data are provided by Cudahy (2012), and 
include indices corresponding to the spectral signatures of the mineral groups aluminium 
hydroxide (AlOH), silica, ferric oxide (Fe
3+
) and ferrous iron (Fe
2+
). The algorithms for 
AlOH group composition, AlOH group content, Fe
3+
 content, Fe
3+
 composition, Fe
2+
 index, 
kaolin group index and silica index were applied using ArcMap 10.1 (Table 5.2). The study 
area is comprised of three main land types with very different edaphic properties; sand dune 
with sandy soils, cracking clay with clay soils, and stony plain, which varies in soil type but 
is characterised by relatively high cover of predominantly ironstone rock (Kennedy & Sugars 
2001). Therefore, the calculated indices were those expected to correspond best to on-ground 
differences and, therefore, to have most utility in predicting the local distribution of P. 
australis (Table 5.2).  
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Table 5.2: Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) indices calculated from CSIRO mineral 
index base algorithms used in GLMMs for Pseudomys australis detection success on camera-traps at Andado Station, Simpson Desert, 
Australia 
Index Band algorithm Range (mean ± SE) Description Hypothesis 
AlOH group 
composition 
B5 / B7 0.98 – 1.05  
(1.01 ± 0.001) 
Low = well-ordered kaolinite, Al-rich 
white micas, pyrophyllite, beidellite, 
High = Al-poor (Si-rich) white mica, 
montmorillonite 
P. australis will be more frequently 
detected where AlOH group 
composition is high 
AlOH group 
content 
(B5 + B7) / B6 2.00 – 2.13 
(2.08 ± 0.002) 
Low AlOH content – high AlOH 
content 
P. australis will be more frequently 
detected where AlOH group content is 
high 
Fe
2+
 index B5 / B4 0.78 – 0.87  
(0.82 ± 0.001) 
Low Fe
2+
 abundance – high Fe2+ 
abundance 
P. australis will be more frequently 
detected where Fe
2+
 abundance is low 
Fe
3+
 composition B2 / B1 1.43 – 1.85  
(1.64 ± 0.004) 
Non-hematite (low values) – 
hematite-rich (high values) 
P. australis will be more frequently 
detected at lower Fe
3+
 composition 
values 
Fe
3+
 content B4 / B3 1.30 – 1.75  
(1.50 ± 0.006) 
Low Fe
3+ 
 abundance – high Fe3+  
abundance 
P. australis will be more frequently 
detected where Fe
3+
 content is low 
Kaolin group 
index 
B6 / B5 0.93 – 0.99  
(0.96 ± 0.001) 
Low kaolin content – high kaolin 
content 
P. australis will be more frequently 
detected where kaolin content is low 
Silica B13 / B10 1.38 – 1.48  
(1.42 ± 0.001) 
Low silica (SiO2) content to high 
silica content 
P. australis will be more frequently 
detected where silica content is low 
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On-ground assessment of ground cover and soil attributes 
In order to assess the correspondence of the ASTER mineral indices with patterns in soil 
type on-ground, approximately 500 g of soil was sampled from 54 different trap sites across the 
study area and sent to ALS Environmental (Newcastle, NSW, Australia) for particle size analysis 
by hydrometer (Standards Australia 2003), which yields a measure of soil texture (sand/silt/clay 
content). Although soil texture alone does not correspond directly with the mineral indices, it 
describes the main differences between on ground soil types (clay vs. sand vs. rocks) and was 
therefore used to determine if the mineral indices could accurately describe and distinguish these 
differences.  
Percentage rock cover was also assessed using nadir photography at all trap sites across 
the study area. For a detailed description of this method, see Chapter 4. Rock cover in each 
photograph was then estimated using SamplePoint software (Booth et al. 2006) and taken to be 
any particles > 0.5 mm in size, as gibber pavement often consists of many small sized pebbles, 
stones and rocks. SamplePoint was used to assign cover types to 144 grid points on each 
photograph, from which percentage cover was calculated. Rock cover data from 90 trap sites 
over the study area were used to analyse correspondence with ASTER mineral indices. Each of 
these trap sites was ≥ 200 m apart to ensure that multiple samples were not correlated with 
values from the same ASTER cell. 
The point-centred quarter (PCQ) method (Cox 2002) was used to measure crack density 
along the radial live-trapping transects (Figure 5.1C) during October 2015. At 5 traps along each 
transect (n = 90), a line drawn perpendicular to the transect separated the area into quarters. In 
each quarter the crack closest to the trap (centre point) within a 5 m radius was located, and the 
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distance measured from the trap to the crack. Crack density was calculated using the following 
equation: 
1
?̅?2
 
Where ?̅? is the mean of the point to crack distance (m) at a trap site. 
Statistical analyses 
All statistical analyses were undertaken in R version 3.3.0 (R Core Team 2016). Where 
P-values are stated, the significance level for statistical analyses was taken to be α = 0.05. 
As sand content, silt content and clay content measured by particle size analysis were 
collinear and sand content showed a greater range of values, sand content was used to determine 
the correspondence of soil types measured on-ground with the ASTER mineral indices. To assess 
whether the ASTER mineral indices related to on-ground differences, they were correlated with 
on-ground measurements of soil particle size, rock cover and crack cover (the last of which was 
found to be the primary driver of P. australis occurrence in Chapter 4), using Spearman’s rank 
order correlations. As soil texture and rock cover describe much of the on-ground differences 
between habitats (i.e., stony plain characterised by high ironstone rock cover, sand dune 
characterised by sandy soils and cracking clay characterised by clayey soils), the correlations of 
these variables with the ASTER mineral indices were expected to determine the usefulness of the 
indices for describing patterns over the study area.  
Different combinations of ASTER mineral indices were used as predictor variables in 
binomial generalised linear mixed effects models (GLMMs) with a logit link function to model 
the potential drivers of P. australis occurrence. GLMMs were chosen to account for the spatial 
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and temporal variation in the dataset by including camera location nested in month as a random 
factor. The number of nights that P. australis was detected out of the number of nights a camera 
was operational was used as the response variable to model the frequency with which a site was 
used by P. australis. Three cameras that were operational for < 5 nights were removed from the 
analysis. A binomial weighted proportion GLMM with a logit link function models the response 
variable as the number of successes in a given number of trials, in this case the number of nights 
that P. australis was detected on cameras over n trap nights, and thereby accounts for differences 
in sampling effort between sampling units. The number of nights that P. australis was detected 
on camera-traps out of the total trap nights was used as a measure of the consistency with which 
P. australis used areas. Remotely sensed AlOH group content, Fe
2+
 index, Fe
3+
 composition, Fe
3+
 
content, kaolin group index and silica index were used as fixed factors in models, as these were 
the indices that correlated with field measurements. Pairwise collinearity between indices was 
assessed using Pearson’s correlation coefficients, whereby pairs of covariates with r > 0.6 were 
not used in the same model. Because of collinearity, Fe
2+
 index and Fe
3+
 content, AlOH group 
content and kaolin group index, and Fe
3+
 composition and silica content were not used in the 
same models. Variance inflation factors (VIFs) were also calculated to assess multi-collinearity 
between covariates in the same model, with values > 2 indicating collinearity. No covariate 
combinations used in GLMMs had a VIF > 1.14. 
Twenty-five models including one or more of the mineral indices as fixed factors were 
used to model the probability of occurrence of P. australis during the study period. These 
combinations were chosen as detailed geological and mineralogical information is not available 
for the study area, and I wanted to determine which combinations would most accurately model 
the distribution of P. australis. The glmer function of the lme4 library in R was used to run all 
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GLMMs (Bates et al. 2015). As cameras were moved through the course of the study, seasonal 
models were not run and, as low numbers of camera-trapping nights could bias the data, records 
of cameras that were operational for < 5 nights were removed from the analyses. The second-
order Akaike Information Criterion (AICc) was used to select the best approximating model from 
the set of candidate models because the ratio of the sample size to the number of estimable 
parameters in the models was < 40 (Burnham & Anderson 2002). A difference in AICc (∆AICc) 
value from the top ranking model of < 2 indicates models with substantial support, ∆AICc 4 – 6 
indicates considerably less support, and models with ∆AICc  by >10 have essentially no support 
(Burnham & Anderson 2002). AICc weights are also presented. Models with ∆AICc < 5 are 
presented in the results along with the next best model for comparison, as AICc weights indicated 
very little support for models with a ∆AICc >2. Results from all models are presented in 
Appendix 12. The AICc and Weights functions in the MuMin version 1.40.0 library in R were 
used to calculate the AICc statistics (Barton 2017). 
The top 4 models ranked by AICc score and weight were projected into rasters using the 
predict function in the raster library in R (Hijmans 2016) and visualised in ArcMap 10.1, 
symbolised using the standard deviation stretch function at a value of 2.5.  
RESULTS 
Detection of Pseudomys australis on camera-traps 
Camera-traps were operational during the study for a range of 0 (i.e., camera failed from 
the day of deployment) to 116 days. When cameras that were operational for < 5 days were 
removed from the dataset, cameras were operational for an average of 30.67 ± 0.65 days. Camera 
failure was due to cattle pushing the star picket over, battery depletion and memory card failure. 
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Pseudomys australis was detected at least once at 98 of the 117 camera-trap stations. The 
number of nights that P. australis was detected on camera-traps ranged from 0 to 37 (mean: 5.57 
± 0.5 SE). Adults and large sub-adults of P. australis were easily distinguished from other 
rodents in photographs due to their large size and morphology (Figure 5.2A). Pseudomys 
australis is larger than other rodent species in the study area except Notomys alexis (Figure 
5.2B). These two species are easily distinguished as the tail of P. australis is approximately the 
same length as the head-body, whereas N. alexis has a longer tail, with a brush at the tip (Figure 
5.2C).  
 
Figure 5.2. Photographs of A) Pseudomys australis, B) a smaller unidentifiable rodent and C) 
Notomys alexis taken from Reconyx hyperfire PC800 camera traps at Andado Station, Simpson 
Desert, Australia. The star picket at the top of the photograph is 3 cm wide at its base and 
provides a scale 
The average (± SE) percentage of nights that P. australis was detected on camera traps 
during a detection period varied between 2.56 ± 1.28 % in March 2016 to 40.80 ± 7.15 %  in 
April 2015. Between April 2015 and June 2015, cameras were set closer to areas where P. 
australis was known to occur. From July 2015 onwards it became clear that P. australis occurred 
across a wider area and cameras were moved towards the edge of the cracking clay land type. 
This may account for some variation in the percentage of nights that P. australis was detected on 
cameras over the study period. Despite this, it is clear that there is high variation in the 
consistency with which P. australis occurred within and between months (Figure 5.3). 
A B
  A 
C 
Chapter 5 – Modelling the occurrence of Pseudomys australis 
152 
 
Pseudomys australis was not detected on 31 % of cameras deployed during a session. At the 29 
stations where cameras were deployed for three sessions or more, P. australis was not detected 
during any session at two stations and was detected during every session at four stations. This 
further demonstrates the temporal and spatial variation in occurrence of P. australis in the study 
area. 
 
Figure 5.3. The percentage of nights that Pseudomys australis was detected on cameras between 
April 2015 and April 2016 at Andado Station, Simpson Desert, Australia. Data also include 
cameras that were deployed for < 5 nights. The box represents the 25
th
 to 75
th
 percentile with the 
median shown as the line. The whiskers extend no further than 1.5 × the interquartile range, and 
the dots are outliers beyond these values. 
Correlation between ASTER and on-ground measurements 
There was good correspondence of sand content in soil samples and all ASTER mineral 
indices calculated, with AlOH group composition being the only index not correlated with sand 
content (Table 5.3). AlOH group content was negatively correlated with sand content, whereas 
the Fe
2+
 index, Fe
3+
 content, Fe
3+
 composition, the kaolin group index and silica were correlated 
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positively with sand content. Rock cover in the stony plain areas is predominantly ironstone, 
which was expected to correlate with the ferric and ferrous mineral indices. Rock cover was 
correlated negatively with AlOH group content and positively with Fe
2+
 index and Fe
3+
content 
(Table 5.3). As cracking clay soils are associated with smectitic clays, it was expected that crack 
density would be positively correlated with the AlOH group indices, but correlated negatively 
with kaolin. As expected, crack density was correlated positively with AlOH group content 
(Table 5.3). However, there was no correlation between crack density and AlOH group 
composition. There were negative correlations between crack density and the Fe
2+
 index, Fe
3+
 
content, Fe
3+
 composition, the kaolin group index and silica (Table 5.3). These results indicate 
that the ASTER mineral indices, except for AlOH group composition, reflect the patterns in soil 
type and rock cover observed on-ground in the study area, and that they are suitable for 
modelling the occurrence of P. australis during a dry period.  
Table 5.3. Spearman’s rank correlations between ASTER mineral indices, and sand content, 
rock cover and crack cover measured at Andado Station, Simpson Desert, Australia. * < 0.05, ** 
< 0.01, *** < 0.001 
ASTER mineral index Sand content Rock cover Crack density 
AlOH group composition -0.22  0.01  0.17 
 
AlOH group content -0.35 ** -0.24 * 0.58 
*** 
Fe
2+
 index 0.46 *** 0.34 *** -0.64 
*** 
Fe
3+
 content 0.59 *** 0.21 * -0.55 
*** 
Fe
3+
 composition 0.4 ** -0.04  -0.42 
*** 
Kaolin group index 0.42 ** 0.19  -0.54 
*** 
Silica index 0.51 *** 0.19  -0.61 *** 
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Refuge estimation 
The top ranking model using AICc included the Fe
3+
 content, Fe
3+
 composition and AlOH 
content indices, and indicated that the frequency of detection of P. australis was lower at higher 
values of the ferric indices and higher at higher values of AlOH group content (Table 5.4). Fe
3+
 
composition was included in all four of the top ranked models. Fe
3+
 content, Fe
2+
 index, AlOH 
content and the kaolin group index were each included in two of the four top models. Negative 
relationships between frequency of detection of P. australis and Fe
3+
 content, Fe
3+
 composition, 
Fe
2+
 index and the kaolin group index were evident in all models that included these indices. 
AlOH group content was related positively to the frequency of detection of P. australis in the 
two top models in which it was included. There was a negative relationship between detection of 
P. australis and all ASTER indices included in the four top ranking models. The standard error 
of the estimates indicated that all indices included in the four top models had some influence on 
the detection frequency of P. australis. For the results of all other models see Appendix 12. 
Projection of predictions from the four top models onto maps (Figure 5.4) indicates that 
the probability of occurrence of P. australis is highest in relatively discrete areas of the 
landscape. Predictions from these models all produced similar spatial patterns in the occurrence 
of P. australis (Figure 5.4). The areas with the highest probability of detection were similar in all 
models but the models including Fe
3+
 content predicted higher probabilities across a broader area 
than those including the Fe
2+
 index. The models including the Fe
2+
 index predicted higher 
probabilities of P. australis occurrence in the south-eastern corner of the area (Figure 5.4B,C). 
This area consists of low hills with drainage and is not known to contain cracking clay soils. 
Therefore, it is likely that models including Fe
3+
 content provide a more accurate prediction of P. 
australis’ distribution across the study area.  
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Table 5.4. Estimated regression parameters and standard errors for binomial GLMMs giving the probability of occurrence of 
Pseudomys australis as a function of the ASTER indices ferric iron (Fe
3+
) content, Fe
3+
composition, aluminium hydroxide (AlOH) 
group content, ferrous iron (Fe
2+
) index, silica and kaolin group index at Andado Station, Simpson Desert, Australia, assessed by 
computing the ∆AICc and AICc weights for the set of candidate models. Camera station nested in session was assigned as a random 
factor in all models. Models with a ∆AICc < 5 are presented, along with the next best model for comparison. 
    
Fixed effects Random effects 
Model AICc ∆AICc 
AICc 
weight Effect Est. 
Std. 
error Effect Var. 
Std. 
dev. 
Fe
3+
 content + Fe
3+
 composition + 
AlOH group content 
1247.97 0 0.32 Intercept -16.69 12.01 Station : Session 2.80 1.67 
   Ferric oxide content -5.81 1.46 Session 1.25 1.12 
    Ferric oxide composition -5.89 1.83    
    AlOH content 15.63 5.36    
Fe
2+ 
index + Fe
3+
 composition + 
AlOH group content 
1248.36 0.38 0.26 Intercept 6.05 15.25 Station : Session 2.77 1.67 
   Ferrous iron index -31.17 7.92 Session 1.23 1.11 
    Ferric oxide composition -5.78 1.83    
    AlOH content 12.73 5.57    
Fe
2+
 index + Fe
3+
 composition + 
kaolin group index 
1249.03 1.06 0.19 Intercept 56.22 11.13 Station : Session 2.78 1.67 
   Ferrous iron index -36.36 7.46 Session 1.24 1.12 
   Ferric oxide composition -5.24 1.84    
   Kaolin -21.25 9.92    
Fe
3+
 content + Fe
3+
composition + 
kaolin group index 
1250.57 2.60 0.09 Intercept 39.31 10.01 Station : Session 2.85 1.69 
   Ferric oxide content -6.73 1.44 Session 1.28 1.13 
    Ferric oxide composition -5.27 1.84    
    Kaolin -24.19 9.98    
Fe
2+
 index + Fe
3+
 composition 1251.47 3.5 0.06 Intercept 37.56 6.91 Camera : Session 2.86 1.69 
    Fe
2+
 index -37.71 7.57 Session 1.29 1.14 
    Fe
3+
 composition -5.59 1.86    
Silica + Fe3+ content + AlOH  1253.91 5.94 0.016 Intercept -2.91 15.57 Camera : Session 2.89 1.70 
group content    Silica -12.15 5.80 Session 1.26 1.12 
    Fe3+ content -6.37 1.50    
    AlOH group content 13.04 5.45    
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Figure 5.4. The top four ranking distribution models for Pseudomys australis created with 
GLMMs using a) ferric oxide (Fe
3+
) content, Fe
3+
 composition and aluminimum hydroxide 
(AlOH) group content, b) ferrous iron (Fe
2+
) index, Fe
3+
 composition and AlOH group content, 
c) Fe
2+
 index, Fe
3+
 composition  and kaolin group index and d) Fe
3+
 content, Fe
3+
 composition 
and kaolin group index ASTER mineral indices. Projections are for the probability of occurrence 
of P. australis at Andado Station, Simpson Desert, Australia. Intensity of shading depicts the 
predicted probability of the species' occurrence, with white corresponding with low probability 
of occurrence through to black representing the highest probability of occurrence. 
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DISCUSSION 
To the best of my knowledge, this is the first SDM study to use mineral indices derived 
from ASTER imagery. The ASTER data were well correlated with field measurements of soil 
texture, rock cover and crack cover, and the fine-scale resolution of the data made it useful for 
mapping potential drought refuges of P. australis in the study area. As predicted, the frequency 
with which P. australis was detected on cameras was lower at high values of Fe
3+
 composition, 
Fe
3+ 
content, Fe
2+
 index and the kaolin group index, but higher at high values of AlOH group 
content. These results are consistent with those in Chapter 2 and Chapter 4 in showing that P. 
australis is strongly associated with cracking clay soils with higher contents of AlOH group 
minerals, and negatively associated with soils containing Fe
2+
, Fe
3+
, kaolin and silica minerals, 
which correspond to high rock cover and sand content. Combining detailed ecological 
knowledge of the resource requirements of P. australis during dry periods with appropriate and 
ground-truthed satellite data therefore provided a more refined estimate of the landscape-level 
distribution of P. australis during a dry period than previously available using land unit mapping 
(Kennedy & Sugars 2001) or vegetation mapping (Moseby 2012). 
When related to field measurements, the results of the SDMs conform to the results 
presented in Chapter 4 in that the occurrence of P. australis is related to areas that provide 
shelter in the form of soil cracks. The two top ranking SDMs included Fe
3+
 composition and 
AlOH group content, and differed in that the top ranking model included Fe
3+ 
content, whereas 
the second included Fe
2+
 index. AlOH group content is correlated positively with crack density. 
Minerals with shrink-swell properties include AlOH-bearing montmorillonite and beidellite. By 
contrast, kaolinite, which was included in the third and fourth top ranking models and is 
correlated negatively with P. australis occurrence and crack density, has low shrink-swell 
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capacity and is often associated with hard-setting soils (Mullins et al. 1987, Bhattacharyya et al. 
1997). Fe
3+
 composition, Fe
3+
 content and the Fe
2+
 index are indices of iron content and 
composition (Cudahy 2012). These indices were correlated positively with sand content, and the 
latter two were also correlated with rock cover. Red sands in the Simpson Desert, which are 
present in the study area, get their colour from iron in the grain coatings (Wasson 1983) and the 
stony plain land types are characterised by a surface layer of ironstone gibber rocks (Kennedy & 
Sugars 2001). These results suggest that refuges for P. australis are characterised by lower rock 
cover than the surrounding landscape and are consistent with the results presented in Chapter 2, 
which found that the capture success of P. australis is higher in cracking clay than in either the 
stony plain or sand dune land types.  
Pavey et al. (2017) proposed a typology of refuge types that recognised two broad 
categories, fixed refuges and shifting refuges. Shifting refuges vary spatially within the same dry 
period due to variability in the resources that drive their use. In contrast, fixed refuges are 
occupied for longer time-frames, usually for at least one entire dry period (but see Pavey et al. 
(2017) for variants of the fixed refuge concept). Although this study was undertaken during a 
single dry period, the results presented in this thesis, along with those of Pavey et al. (2014), 
whose study was undertaken in the same area, suggest that at least some of the areas studied fit 
the fixed refuge definition. These results and those presented in Chapter 4 indicate that soil 
characteristics are the primary driver of the occurrence of P. australis during dry periods. Soil 
characteristics are stable relative to vegetation resources for P. australis in the study region, and 
so are expected to provide a more temporally fixed refuge for the species. Consequently, the 
areas surveyed in this study and mapped based on the SDMs using ASTER mineral indices are 
likely to provide a long-term reference for P. australis refuge locations.  
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The current and potential distribution of P. australis in South Australia was mapped by 
Moseby (2012) based on native vegetation type and bioregion but not soil characteristics. The 
distribution of P. australis in this mapping corresponded with the chenopod shrubland vegetation 
type, which is highly variable in species composition and structure, and occurs across a range of 
soil types (Graetz & Tongway 1986, Dunkerley & Brown 1995, Read 1995, Gillieson et al. 1996, 
Yan et al. 1996). Therefore, mapping based on vegetation type alone is likely to overestimate the 
area of occupancy of the species, particularly during dry periods. The use of camera-trapping 
combined with the ASTER mineral indices to assess the distribution of P. australis provided a 
prediction of refuge location that was consistent with the species' known locations and habitat 
associations during dry periods (Chapter 2, Chapter 4).  
Predicting the occurrence of P. australis outside the area sampled will require further 
investigation. While P. australis sign (burrows and scats) has been observed in some of these 
additional predicted refuge areas (e.g., north-west of the images in Figure 5.4; L. Young, 
unpublished data), the low hills in the south-east and the eastern-most predicted refuge area have 
not been investigated. Further assessment of soil properties, including mineral content, and 
camera-trapping in these areas would help to refine the model and enhance interpretation of the 
ASTER indices. Given the high spatial and temporal variability of P. australis populations 
within dry periods (Brandle & Moseby 1999; Chapter 2), the development of seasonal SDMs, 
potentially incorporating vegetation indices such as NDVI, could identify areas of refuge habitat 
that are most important when populations are very low, such as happened in 2014 (Chapter 2). 
Further refinement of the method will provide a potential means for predicting the location of P. 
australis refuges elsewhere on Andado Station and throughout the species' entire distribution.  
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Conclusion 
Mapping the occurrence of P. australis using knowledge of the species' dynamics and 
resource associations during a dry period allows identification of areas that act as potential 
drought refuges. The definition of these areas provides a means to focus management efforts in 
areas where P. australis has the best chance of persistence through times when populations are 
likely to be most vulnerable to disturbance and threatening processes. These results show that, 
with a sound knowledge of the ecology of refuge-using species during dry periods, the 
appropriate environmental data can be chosen to model the distribution of important habitat. 
Australian mammals, particularly those inhabiting the arid regions, have suffered higher 
extinction rates since colonisation by non-indigenous people (1788) than the terrestrial mammal 
fauna on any other continent, and many of the species that remain are in decline (Short & Smith 
1994, Smith & Quin 1996, Woinarski et al. 2015). Identification of drought refuges ensures that 
management actions are targeted towards areas where management will be most efficient and 
have the highest chance of success. 
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Chapter 6. General Conclusions 
OVERVIEW 
The research presented in this thesis has extended the knowledge and theory of small 
mammal drought refuges and the persistence of species within these areas during dry periods. 
Specifically, my research has increased knowledge of how the plains mouse, Pseudomys 
australis, persists when it is at its lowest population size and extent and perhaps most vulnerable 
to a suite of threatening processes; that is, during times of rainfall deficit. This study builds on 
the work of Pavey et al. (2014) who identified refuge sites for P. australis on Andado Station 
from which the species irrupts following significant rainfall. For the chapters in this thesis I 
researched the population dynamics and spatial ecology of P. australis, particularly in relation to 
rainfall and resource availability, during a dry period when the species was expected to be 
confined to drought refuges. The results provide a more detailed and refined assessment of how 
populations persist during long dry periods and where refuges are located in the landscape, 
which will allow for more accurate mapping, and thus effective management, of key resources 
and refuges.  
Population dynamics of Pseudomys australis during a dry period 
I investigated spatial and temporal variation in populations of P. australis to get a greater 
and more detailed understanding of how and where populations persist during a dry period 
(Chapter 2). Pavey et al. (2014) studied P. australis occurrence across the stony plain (gibber), 
sand and cracking clay land systems during the low population phase and identified refuges as 
those within the cracking clay and at stony plain sites adjacent to cracking clay. My research 
focused on areas of cracking clay where P. australis was identified during preliminary trapping, 
as well as adjacent areas. Incorporating the effects of rainfall, density and habitat to model the 
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dynamics of P. australis provided a more refined understanding of how P. australis persists 
during a dry period.  
I used the antecedent precipitation index (API) as the measure of rainfall amount to 
account for the effect of rainfall frequency on antecedent soil moisture. Antecedent soil moisture 
influences the response of vegetation, and therefore food resources of P. australis, to rainfall 
(Nano & Pavey 2013). The capture success of P. australis increased in response to API 5 – 6 
months prior to trapping. This agrees with the findings of Brandle and Moseby (1999), who 
noted population increases following rainfall events, and Pavey et al. (2014), who found a 
correlation between the abundance of P. australis and total rainfall six months prior to trapping. 
The proportion of sub-adults in the population was correlated positively with API five, six, seven 
and nine months prior to trapping. This suggests that the population increase was due at least in 
part to the increase in numbers of sub-adults. However, it could not be determined unequivocally 
if this increase was due to in situ reproduction or immigration or to both processes.  
In addition to the effect of API on the capture success of P. australis, I also found an 
interactive effect of land type and capture rate in the cracking clay during the previous session. 
The results suggested that capture rate during one trapping session is influenced positively by 
capture rate in the cracking clay during the previous trapping session, but that this effect is 
different between the cracking clay and stony plain land types. Prediction from the modelling 
showed that the increase in capture success of P. australis in the stony plain lags behind that in 
the cracking clay. This suggests that habitat selection by P. australis is density-dependent, 
whereby the cracking clay is the optimal land type and, as densities increase, adjacent stony plain 
areas are occupied more often.  
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Very low capture success of P. australis and the population decline observed between 
October 2015 and April 2016 may have been driven by the depletion of resources, predation, 
inundation of the cracking clay following summer storm events, or a combination of these 
factors. The depletion of resources in the landscape may have led to greater intra-specific 
competition, and lower reproduction and survival. The negative correlation between the 
percentage of breeding female P. australis and capture rate in the cracking clay during the same 
session provides evidence that reproduction may be suppressed at high densities and supports 
this prediction. I found some evidence that predator numbers had increased by the end of the 
study, which suggests that increased predation pressure could have been occurring following 
increases in P. australis densities during the study period. Inundation of some areas of the 
cracking clay was evident on cameras following rainfall in summer 2015/2016. This also may 
have led to mortality and displacement of P. australis, and could also have contributed to the 
decline observed. 
Spatial ecology and shelter use of Pseudomys australis in refuges 
The research in Chapter 2 investigated the dynamics of refuge populations of P. australis. 
In Chapter 3 I investigated the finer-scale spatial ecology of P. australis using radiotracking. The 
results of the radio-tracking study indicate that shelter resources, and potentially social 
structuring, influence the space use of P. australis. Short-term radio-tracking of P. australis in 
the study area revealed that P. australis occupies small home ranges that were entirely within the 
cracking clay land type and had distinct core areas. The core areas of the home range of P. 
australis were characterised by 1-2 burrows that individuals were tracked to for > 20 % of fixes. 
Total home ranges overlapped between individuals, but only one pair of individuals had an 
overlapping core range. This suggests that there may be some social structuring in P. australis 
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refuge populations, although tracking of P. australis at higher densities would help to confirm 
this prediction. 
Burrows were used with higher fidelity than sub-surface soil cracks as shelter, which 
suggests that P. australis uses burrows for nesting and cracks for more temporary shelter from 
threats such as predation. Cracks were deeper and wider than burrows, and cracks with burrows 
dug into the sides were shallower and wider than those without burrows. These results suggest 
that controlling the dimensions of the burrow is advantageous. These results show further that 
cracking clay soils provide shelter resources for P. australis during dry periods, which may be 
important for providing protection from climatic extremes, such as very high or sub-zero 
temperatures, or from threats such as predation by cats, Felis catus, and red foxes, Vulpes vulpes.  
Resource use by Pseudomys australis during a dry period 
As identified in Chapter 3, the cracking clay land type provides important shelter 
resources for P. australis. The main food resources of P. australis are seeds, leaves and stems of 
plants that germinate following rainfall (Pavey et al. 2016). I investigated how the occurrence of 
P. australis is related to crack density and vegetation cover types (ephemeral forb, persistent 
forb, grass and litter) during a dry period, and found that crack presence was the strongest and 
most consistent driver of the occurrence of P. australis. The results suggested that it was largely 
the presence of cracks, as opposed to their density, that influenced where P. australis occurred. 
Ephemeral forb, grass and litter cover influenced P. australis occurrence during at least one 
season each, but the relative influence and order of importance of these cover types changed 
through time. 
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Soil cracks were consistently present through time. The cover of ephemeral forbs and 
grasses differed between seasons; however, litter cover did not. The presence of cracks, 
ephemeral forb cover and litter cover were correlated positively with clay content, whereas grass 
cover and clay content were uncorrelated. Ephemeral forb cover and grass cover were also 
correlated positively, and litter cover negatively, with API one month prior to sampling. Neither 
persistent forb cover nor crack presence were correlated with API one month prior to sampling. 
These results suggest that shelter resources are temporally consistent, but are spatially clumped 
in areas with clayey soil. The results also suggest that vegetation cover types identified as 
influencing the occurrence of P. australis vary through time depending on rainfall, and that soil 
type drives the spatial distribution of ephemeral forbs and litter, but not grasses. These results 
indicate that the refuges of P. australis are characterised by temporally stable shelter resources, 
which are tied to soil type in the landscape, but that food resources may account for variation in 
occurrence or local abundance of the species within cracking clay refuges. Furthermore, this 
suggests that P. australis refuges are fixed in the landscape as they are driven primarily by soil 
type, which does not change on ecological timescales. 
Delineation of Pseudomys australis refuges on Andado Station 
As the results of Chapter 4 indicated that the occurrence of P. australis refuges during 
dry periods are largely related to soil attributes, I used remotely sensed mineral indices to map 
the distribution of P. australis across the study area (Chapter 5). I calculated iron (ferric oxide 
(Fe
3+
) content, Fe
3+
 composition, ferrous iron (Fe
2+
) index), clay (aluminium hydroxide (AlOH) 
composition, AlOH content, kaolin) and silica mineral indices from Advanced Spaceborne 
Thermal Emission and Reflection Radiometer (ASTER) satellite imagery. All indices except 
AlOH composition correlated well with field measurements of soil texture, rock cover 
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(predominantly ironstone in the study area) and crack density. I then used the mineral indices in 
combination with species distribution modelling to map P. australis refuges based on camera-
trapping data.  
The best model included Fe
3+
content, Fe
3+
 composition, and AlOH content indices as 
predictor variables. The occurrence of P. australis was related negatively to Fe
3+
 content and 
Fe
3+
 composition values, but positively to AlOH content. Correlations between these indices and 
field measurements indicate that the two Fe
3+
 indices are higher where sand content is higher, 
and lower where crack density is higher. Fe
3+ 
content was also correlated positively with rock 
cover and was higher in areas with ironstone rock as well as in sandy areas, such as dunes. 
Although Fe
3+
 composition is also an index of iron minerals, it was correlated positively with 
sand content but not rock cover. Sands in the study area are red sands, which get their colour 
from iron in the grain coatings (Wasson 1983). These findings are supported by those in Chapter 
2, which found that P. australis occurs less frequently in stony plain (characterised by a surface 
layer of ironstone rock) and sand dune land types. AlOH content was correlated negatively with 
sand content and rock cover, but positively with crack density. Minerals with shrink-swell 
properties (e.g., cracking clays) include AlOH-bearing montmorillonite and beidellite, which 
explain the positive relationship with the occurrence of P. australis. These findings are 
consistent with those presented in Chapters 2 and 3, which provide support for the use of mineral 
indices to predict and map the occurrence of P. australis across the study area.  
BROADER SIGNIFICANCE OF THE FINDINGS 
The research presented in this thesis enhances our knowledge of how drought refuges 
operate and the factors that may influence their use. The density of P. australis populations and 
occupancy of the cracking clay and surrounding landscape is in constant flux depending on the 
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prevailing conditions during periods of rainfall deficit; these patterns appear similar to those seen 
between boom and bust times, but occur on finer spatial and temporal scales. The strong 
association of P. australis with cracking clay soils, confirmed by the results presented here, is in 
contrast to patterns seen in species inhabiting Australia's sandy deserts, where species do not 
generally show strong habitat preferences (Southgate & Masters 1996, Letnic et al. 2004). The 
small home-ranges and short distances moved by radio-tracked P. australis are also in contrast to 
findings reported from the sandy deserts (Dickman et al. 1995, Letnic 2002, Haythornthwaite & 
Dickman 2006). Dickman et al. (2011) suggested that refuges for some species are driven by the 
local availability of rainfall, and therefore will be variable in time. This is consistent with the 
idea introduced by Newsome & Corbett (1975) that refuges shift through time depending on the 
spatial variability of rainfall and the shifting refuge type described by Pavey et al. (2017). The 
refuges of P. australis are characterised by cracking clay soils, which provide consistent shelter 
resources during dry periods (Chapter 4). Cracking clay soils are also fixed in space, and so P. 
australis refuges fit the definition of a fixed refuge under the typology of Pavey et al. (2017). 
The high quartzite mountain refuges of the central rock-rat, Zyzomys pedunculatus, similarly 
appear to be fixed refuges (McDonald et al. 2015, Pavey et al. 2017). Zyzomys pedunculatus is 
also facing pressure from predation by feral cats, which may reinforce the reliance of this species 
on rocky habitats (McDonald et al. 2016). The contrasts between these refuge-using species 
highlight the need for autecological studies when trying to understand the population dynamics 
and refuge use of desert-dwelling small mammals. 
The results presented in this thesis, add to the findings of Pavey et al. (2014) and 
Dickman et al. (2011), in demonstrating that important habitat for arid zone terrestrial species is 
not restricted to the more fertile, moist areas, as suggested by Morton (1990). The resource 
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requirements and physiological requirements of desert-dwelling small mammals will determine 
where species can survive (Pavey et al. 2017). For example, the long-haired rat, Rattus 
villosissimus, appears to inhabit more mesic refuges in the landscape during dry periods and this 
may be due to their requirement for free water to survive (Newsome & Corbett 1975). In 
contrast, the spinifex-hopping mouse, N. alexis, and P. australis do not require exogenous water 
for survival (MacMillen & Lee 1967, Haines et al. 1974) and are therefore not limited to such 
mesic environments as R. villosissimus. Again, these differences highlight the need for an 
autecological approach when characterising refuges and refuge-use by small mammals in desert 
environments. 
As global biodiversity has declined, research has aimed to identify areas of the landscape 
where populations of one or more species concentrate and have a greater chance of persistence 
during time of resource poverty, stochastic disturbance or when threats are heightened. As well 
as being a place where populations can survive during dry periods, as was the focus of this 
thesis, small areas of the landscape can buffer populations from the negative effects of other 
climate extremes, such as flooding (Madsen & Shine 1999), promote persistence during or 
following fire (Mackey et al. 2012, Robinson et al. 2013), or provide protection from threatening 
processes such as predation (Ylӧnen et al. 2003, Møller 2012), disease (Puschendorf et al. 2011) 
or anthropogenic activities (Tabeni et al. 2017). While broad-scale mapping (e.g., continental 
scale) uses coarse resolution data that are often widely available (e.g., climatic data), this may 
not be appropriate at the local scale on which refuges, and other small important areas, need to 
be mapped in order to guide management decisions. For example, in Chapter 5 it would not have 
been appropriate to use climatic variables or latitude in the species distribution models (SDMs), 
as these would not change enough over the study area to be informative. In addition to scale, the 
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resource requirements of the species need to be understood prior to selection of variables 
included in the model. The occurrence of P. australis was found to be strongly tied to soil type 
(Chapters 2, 3 and 4), but not to vegetation (Chapter 5). Therefore, vegetation indices such as the 
Normalised Difference Vegetation Index (NDVI), while appropriate in scale, would not have 
been an informative predictor (at least on its own) of the distribution of P. australis. The good 
results obtained by using mineral indices in the models demonstrate the importance of selecting 
predictor variables for local-scale SDMs that relate to the ecology of the species of interest. 
CONSERVATION IMPLICATIONS 
Pseudomys australis is listed as vulnerable on the International Union for the 
Conservation of Nature (IUCN) Red List of Threatened Species and also under the Australian 
Environment Protection and Biodiversity Conservation Act 1999. The IUCN listing process 
involves an assessment of the extent of occurrence, area of occupancy and population 
abundance. The extreme population fluctuations exhibited by P. australis, from scarcity during 
dry periods to superabundance following high rainfall, make the assessment of the species under 
these criteria difficult. The results presented in this thesis show that the abundance of P. australis 
fluctuates greatly in dry periods, but that populations remain largely within cracking clay refuges 
(Chapter 2). This highlights the need to compare the distribution and abundance of the species 
across its range between dry periods to be able to assess the status of the species. Also presented 
is a potential method for mapping the refuges of P. australis across the species distribution. This 
method has the potential to provide a refined estimation of the potential area of occupancy of P. 
australis and other desert-dwelling species whose distributions are likely to be similarly 
prescribed by edaphic factors.  
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Pseudomys australis persists in a region that has undergone a high rate of mammal 
extinction and decline since European settlement (Smith & Quin 1996). While there is benefit to 
be gained from broad-scale management of the threats faced by remaining species, as suggested 
by Woinarski et al. (2015), this is logistically difficult to achieve in the remote areas like arid 
Australia. In remote areas, targeted management is likely to be more effective. The identification 
of sub-surface cracks as the primary driver of occurrence of P. australis in refuge locations 
during a dry period, and the fixed nature of the refuge characteristics, are useful for targeted 
management of this threatened species. The abundance of P. australis can be very low following 
periods of particularly low rainfall, such as during 2014 (Chapter 2). Given the consistent, 
although low, occurrence of predators in and around refuges during dry times, predator 
management is likely to be required to promote the persistence of P. australis during dry periods. 
Mapping of these areas, as was achieved in Chapter 5, provides a means to focus management 
efforts in areas where P. australis has the best chance of persistence through times when 
populations are likely to be most vulnerable to disturbance and threatening processes. 
LIMITATIONS AND FUTURE RESEARCH DIRECTIONS 
As in all highly variable environments, long-term datasets are invaluable when studying 
the dynamics of refuge-using species. The data presented in this thesis were collected between 
April 2014 and April 2016; two years. While the results obtained are invaluable, the study 
represents a snapshot in time for a species that undergoes extreme population fluctuations. Even 
during dry periods, changes in the abundance of P. australis are significant. Furthermore, this 
research was undertaken during the course of one dry period. However, the distribution of P. 
australis during a dry period is also likely to be influenced by its distribution during the 
preceding dry period, resource pulse and decline phase. Study sites were confined to one study 
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area, due to the logistical constraints involved in undertaking an intensive study in remote, arid 
Australia with limited access to infrastructure or resources. A longer-term study that incorporates 
a greater number of sites would help to define and understand a greater range of responses of P. 
australis to high inter-annual variation in rainfall. The El Niño and La Niña phases of the El 
Niño – Southern Oscillation (ENSO) phenomenon are predicted to become more frequent and 
intense under climate change (Cai et al. 2015). El Niño and La Niña are correlated with drought 
and extreme rainfall in Australia, respectively, which results in high inter-annual rainfall 
variability (Nicholls 1991). Understanding the nuances of how P. australis responds to the 
variability within dry periods will enable predictions of how the species is likely to respond to 
climate change. In sand dune environments, Greenville et al. (2017) showed recently that 
introduced predators were likely to exert greater pressure on small mammal populations than 
future changes in climate; hence, monitoring of predators such as feral cats and red foxes and 
assessments of their impact also should be incorporated in longer-term studies. 
Due to the high capture rates and the large size of the trapping sites, a comprehensive 
capture-mark-recapture (CMR) study was not possible. Therefore, density could not be estimated 
and meta-population dynamics could not be investigated. A CMR study incorporating trapping 
grids and resource surveys within, adjacent to and outside refuges would provide a better 
understanding of population changes at different levels of resource availability. This would also 
provide an estimate of whether population increases are due to in situ reproduction, or if 
immigration plays a role. Placing these sites in multiple patches of cracking clay that are isolated 
from each other by other habitats would provide data on the longer-term movements of P. 
australis than were possible using short-term radio-tracking methods (Chapter 3). Movement 
data based on a longer-term CMR study could provide a better understanding of the meta-
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population dynamics of the refuges, and determine if they function as a single refuge or multiple 
small refuges. Understanding the meta-population dynamics of refuge-using species will provide 
greater awareness of how refuges in close proximity are connected and how the landscape 
between refuges should be managed. An example of the insights that could be gained from a 
meta-population study is that of O'Brien et al. (2008), who showed that refuge proximity was a 
stronger predictor of persistence of the threatened broad-toothed rat, Mastacomys fuscus, in sub-
alpine swamps than was the size of refuges that were occupied by the species during times of 
resource scarcity. 
The research presented in Chapter 5 is a very valuable starting point for understanding 
how to map refuges, and indicates that mineral indices can be useful for mapping the occurrence 
of P. australis, at least during a dry period when the species is confined to cracking clay habitats. 
The SDM presented in Chapter 5, while being a detailed model of the occurrence of P. australis 
across the study area, requires verification in areas outside those sampled where the occurrence 
of P. australis was predicted to be high. Following this, the next logical step would be to use the 
model to predict over a broader area of the species range. To do this, mineral indices need to be 
calculated over a broader area, which requires more in-depth processing of multiple satellite 
images. Presence data for P. australis that are publicly available from the Atlas of Living 
Australia website (ala.org.au) are limited, both temporally and spatially, but may be useful to 
explore whether a broader-scale model of P. australis occurrence could be generated. Adequate 
data from multiple sites during identified dry periods also is required to refine the model and 
improve confidence in its predictions. Nonetheless, the results of Chapter 5 show that using 
mineral indices in combination with SDM techniques is a promising method for identifying 
potential refuge habitat for P. australis across its range. 
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Pavey et al. (2017) discuss refuges in relation to irruptive species, defined as those that 
“experience[s] population outbreaks that result in significant increases in both the area of 
occupancy and population size before contracting back to spatially restricted areas with specific 
habitat attributes”. However, there is no indication of what a “significant increase” means in this 
context. During my research, there was a statistically significant increase in the capture rate of P. 
australis (a surrogate for population size) in stony plain habitats as the capture rate increased in 
the cracking clay, indicating an increase in the area of occupancy (Chapter 2). A numerical 
definition of what qualifies as an irruption in the context of desert small mammals in Australia, 
as Jaksic and Lima (2003) provide for South American rodents, would be useful in this context. 
It is acknowledged that this may vary between species, but would provide a differentiation 
between irruptive and non-irruptive species, and when a population is undergoing an irruption 
versus when it is not. Furthermore, habitat specificity during dry periods is at the centre of the 
drought refuge concept, and this specificity breaks down during irruptions (Milstead et al. 2007, 
Pavey et al. 2014). Expanding on habitat-use in the definition of refuge-using species seems 
appropriate as refuges identified thus far are discrete habitat types or features of the landscape, 
from which populations expand into habitats with a different suite of characteristics during 
irruptions (Milstead et al. 2007, Dickman et al. 2011, Pavey et al. 2014, McDonald et al. 2015, 
this thesis). A more specific definition of what a refuge-using species is may also be useful. For 
example, to be classified as refuge-using, does a species need to use the same refuge type across 
its entire distribution?  
Finally, a more thorough study of the threats faced by P. australis is needed. While 
spotlighting is useful for recording predators when their abundance is high, spotlighting during a 
dry period appeared to be an inefficient method during this study. There were often no animals 
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detected on a spotlighting transect, but predator tracks were located during the day (L. Young, 
pers. obs.). A more effective method of determining predator presence in and around refuges 
during dry periods (e.g., camera-trapping, track plots) would be valuable for assessing the risk 
posed to refuge populations. Moseby (2012) suggested that habitat degradation from introduced 
livestock is likely to pose a threat to P. australis. Pavey et al. (2016), suggested further that 
incorporation of grazing tolerant plants into the diet facilitates persistence of P. australis where 
stocking rates are low, but empirical evidence is needed for any effects of habitat degradation by 
livestock on the species distribution. 
CONCLUSION 
Australian mammals, particularly those inhabiting arid regions, have suffered higher 
extinction rates since colonisation by non-indigenous people (1788) than the terrestrial mammal 
fauna on any other continent, and many of the species that remain are in decline (Short & Smith 
1994, Smith & Quin 1996, Woinarski et al. 2015). Since colonisation desert small mammals in 
Australia have been facing threats such as predation by introduced species and habitat 
degradation, in addition to persisting in environments that experience high variation in annual 
rainfall and resource availability. Populations of desert small mammals must be able to persist 
through dry periods that may last up to a decade. Some desert small mammals, particularly 
irruptive species, inhabit refuges during such dry periods. Refuges provide a consistent supply of 
food and shelter resources to promote persistence, and may provide respite from threatening 
processes. The localised and discrete distribution of refuges also means that they provide useful 
foci for targeted management (Pavey et al. 2017).  The research presented in this thesis provides 
detailed information on the refuge-use of one species, P. australis, and demonstrates the 
possibility of identifying refuge areas when there is good knowledge of the resources used by the 
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species. This research also highlights that refuges are likely to be species-specific. Therefore, 
autecological studies of spatial and temporal dynamics and resource requirements, such as this 
one, are necessary to identify the refuges of species and the key characteristics that promote 
population persistence during the dry periods when such refuges are most critical. 
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ABSTRACT
Irruptive population dynamics are characteristic of a wide range of fauna in the world’s arid (dryland) regions. Recent
evidence indicates that regional persistence of irruptive species, particularly small mammals, during the extensive dry
periods of unpredictable length that occur between resource pulses in drylands occurs as a result of the presence of refuge
habitats or refuge patches into which populations contract during dry (bust) periods. These small dry-period populations
act as a source of animals when recolonisation of the surrounding habitat occurs during and after subsequent resource
pulses (booms). The refuges used by irruptive dryland fauna differ in temporal and spatial scale from the refugia to
which species contract in response to changing climate. Refuges of dryland fauna operate over timescales of months and
years, whereas refugia operate on timescales of millennia over which evolutionary divergence may occur. Protection
and management of refuge patches and refuge habitats should be a priority for the conservation of dryland-dwelling
fauna. This urgency is driven by recognition that disturbance to refuges can lead to the extinction of local populations
and, if disturbance is widespread, entire species. Despite the apparent significance of dryland refuges for conservation
management, these sites remain poorly understood ecologically. Here, we synthesise available information on the
refuges of dryland-dwelling fauna, using Australian mammals as a case study to provide focus, and document a research
agenda for increasing this knowledge base. We develop a typology of refuges that recognises two main types of refuge:
fixed and shifting. We outline a suite of models of fixed refuges on the basis of stability in occupancy between and within
successive bust phases of population cycles. To illustrate the breadth of refuge types we provide case studies of refuge use
in three species of dryland mammal: plains mouse (Pseudomys australis), central rock-rat (Zyzomys pedunculatus), and spinifex
hopping-mouse (Notomys alexis). We suggest that future research should focus on understanding the species-specific
nature of refuge use and the spatial ecology of refuges with a focus on connectivity and potential metapopulation
dynamics. Assessing refuge quality and understanding the threats to high-quality refuge patches and habitat should
also be a priority. To facilitate this understanding we develop a three-step methodology for determining species-specific
refuge location and habitat attributes. This review is necessarily focussed on dryland mammals in continental Australia
where most refuge-based research has been undertaken. The applicability of the refuge concept and the importance
of refuges for dryland fauna conservation elsewhere in the world should be investigated. We predict that refuge-using
mammals will be widespread particularly among dryland areas with unpredictable rainfall patterns.
Key words: refugia, mammal, rodent, dasyurid marsupial, irruptive dynamics, arid, dryland.
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I. INTRODUCTION
Arid or dryland environments comprise just over 37% of
the world’s land mass (Warner, 2004) with much of this
area characterised by unpredictable precipitation patterns.
This unpredictable precipitation produces unpredictability
in cycles of resource availability which in turn have profound
impacts on dryland biota (Ostfeld & Keesing, 2000; Yang
et al., 2008, 2010). As a consequence, a significant compo-
nent of dryland-dwelling fauna is characterised by irruptive
population dynamics, with population abundance tracking
changes in the availability of key resources (Jaksic et al., 1997;
Letnic & Dickman, 2010; Meserve et al., 2011). Irruptive pop-
ulation dynamics are driven by periods of high precipitation
that lead to increased germination and growth of ephemeral,
annual and perennial plant species (Ostfeld & Keesing, 2000).
These pulses in primary productivity result in increases in
both reproduction and survivorship of folivorous, granivo-
rous and omnivorous fauna and lead to population irruptions
in these species after time lags of several months to a year (Pre-
vitali et al., 2009; Letnic & Dickman, 2010; Shenbrot, 2014).
Irruptive population dynamics are characteristic of a wide
range of dryland-dwelling fauna (e.g. Yang et al., 2008;
Atkinson et al., 2014) and may arise in several ways. For
example, periods of prolonged precipitation may break dor-
mancy in animals with resting stages in their life history
(e.g. many invertebrates; Crawford, 1981) or elevate the
metabolic rates of animals that are aestivating (e.g. burrow-
ing frogs; Hillman et al., 2009), in turn providing opportunities
for population growth via in situ reproduction. By contrast,
more-mobile fauna such as birds may move into dryland
areas following heavy precipitation events, achieving irrup-
tions over local or regional areas initially by immigration and
then by reproduction (Dean, 2004). Other animals may irrupt
if widespread precipitation events improve conditions over
large regional areas, allowing them to move from discrete
refuge sites into the broader dryland environment (Newsome
& Corbett, 1975; Morton, 1990). This latter strategy has per-
haps been used most often to explain the irruptive dynamics
of dryland mammals (Letnic & Dickman, 2010; Pavey et al.,
2014b), although many other taxa with local dispersal abilities
appear to exhibit similar dynamical patterns.
Among mammals, population irruptions are best known
among rodents in many of the world’s drylands (e.g.
Newsome & Corbett, 1975; Fichet-Calvet et al., 1999).
Other dryland mammal groups that undergo irruptive
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dynamics include some lagomorphs, eulipotyphlans (e.g.
Chung-MacCoubrey, Bateman & Finch, 2009) and several
orders of marsupials (Dasyuromorphia, Didelphimorphia,
Diproprotodontia) (e.g. Dickman et al., 2001; Lima et al.,
2001). Population irruptions of mammals and other
vertebrates are often referred to as ‘booms’ or ‘ratadas’.
Recent attention has focussed on the mechanisms by
which irruptive species, particularly small mammals, are able
to persist during the extensive dry periods of unpredictable
length that occur between resource pulses in drylands. These
periods are of considerable importance as resource pulses
may occur as infrequently as once per decade. In the
western Simpson Desert of central Australia, for example, it is
estimated that the low (or bust) phase of mammal population
cycles occupies 8.5 out of every 10 years (Pavey et al., 2014a).
In this region, as well as the drylands of southern Africa,
India and South America where prolonged dry periods are
punctuated by occasional high-precipitation events, many
species drop to low population abundance or become locally
extinct during these dry periods (Griffin, 1990; Tripathi,
2005; Moseby et al., 2006). However, recolonisation occurs
after heavy precipitation and the subsequent resource pulse,
and the pattern of occurrence of a given species within the
landscape is often one of local extinction and recolonisation
events (Milstead et al., 2007; Dickman et al., 2011).
There is growing evidence that regional persistence of
small mammal populations occurs as a result of the presence
of refuge habitats or refuge patches into which populations
contract during dry periods (Milstead et al., 2007; Letnic
& Dickman, 2010; Greenville, Wardle & Dickman, 2013;
Pavey et al., 2014a). These refuge areas act as a source of
animals when recolonisation occurs during and after subse-
quent resource pulses (Naumov, 1975; Brandle & Moseby,
1999; Dickman et al., 2011). Such refuge areas appear to
occupy only a small portion of the landscape that is occupied
during population outbreaks. For example, refuge habitats
for the rodents Oligoryzomys longicaudatus and Abrothrix longipilis
in north-central Chile occupied only about 2% of the study
area (Milstead et al., 2007). The term refuge is hereafter used
to refer to these refuge habitats and patches, with drought
used interchangeably with bust and low phase of population
cycles.
Protection and management of refuges is increas-
ingly recognised as a priority for the conservation of
dryland-dwelling mammals and other fauna (Letnic &
Dickman, 2010; Pavey et al., 2014a). There is growing evi-
dence that disturbance to refuges can lead to the extinction
even of species that are abundant during population out-
breaks (e.g. see Lockwood & DeBrey, 1990). In dryland Aus-
tralia, for example, refuges can experience high levels of pre-
dation from introduced predators, such as the feral cat (Felis
catus) and red fox (Vulpes vulpes), because they represent signif-
icant concentrations of biomass in a dry and resource-poor
environment (Pavey et al., 2014a). In dryland regions gener-
ally, refuge habitat is threatened by a range of other distur-
bances including farming, pastoralism and tourism (Bahre,
1979; Ayyad & Ghabbour, 1986; Seely & Pallett, 2008).
Despite the likely significance of refuges for the persistence
of dryland fauna, there are few published empirical data on
their characteristics or locations. Also of concern is that the
term refuge is used frequently in the literature but is often not
defined, or is poorly defined, and there is regular conflation
between the terms ‘refuge’ and ‘refugium’ (e.g. Nekola,
1999; Davis et al., 2013). With these shortcomings in mind,
herein we aim to synthesise available scientific information
on the refuges of dryland-dwelling fauna, using Australian
mammals as a case study to provide focus, and to document
a research agenda for increasing this knowledge base.
We begin this review by examining the use of the terms
‘refuge’ and ‘refugium’ in the literature and setting the
refuges used by dryland fauna within this terminology. Next
we provide a definition of, and develop a typology of, refuges.
We then present three case studies of dryland-dwelling
mammal species that illustrate the breadth of refuge
types used and the variability in the level of ecological
understanding across species.
We next present a three-step approach to locating refuges.
The inclusion of a methodology section is driven by the
lack of available information on refuge location and usage
and the knowledge that all published descriptions of refuge
habitats and/or patches indicate that these comprise a small
proportion of the landscapes that they occupy (Brandle &
Moseby, 1999; Milstead et al., 2007; Pavey et al., 2014a).
Next, we assess potential threats faced by the different refuge
types and consider how present-day refuge location may be
influenced by the actions of threatening processes such as
introduced predators in the recent past. Thus we consider
the possibility that refuges may now be located in relatively
threat-free habitats or habitat patches. We conclude this
review by developing an ongoing research agenda for refuges.
This agenda details the information that is needed to further
our understanding of these important features of drylands.
II. USE OF THE TERM ‘REFUGE’ IN THE
LITERATURE
(1) Concepts of refuge
The term ‘refuge’ is widely used in biology, but the term
encompasses a range of divergent phenomena (Berryman
& Hawkins, 2006). Various concepts based on the term are
used in theories of ecology, biogeography, evolution and
speciation. However, in many cases the term refuge is used
erroneously when actually referring to refugia/refugium (see
Section II.2 for clarification on the distinction of the two
concepts).
In ecology, the term ‘refuge’ refers to the life history of
species and how individuals within a population are able to
survive despite the presence of predators and parasites (e.g.
Elton, 1939). This view has been developed further within
the discipline of population ecology so that refuge is an
important aspect of predator–prey population dynamics
(Berryman & Hawkins, 2006; Owen-Smith, 2008). The
concept is also widely applied in insect pest management. In
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recent years, refuge has been applied in conservation science
with potential refuges being important sites in conservation
planning and in decision-science approaches. The term is also
in common conservation parlance where it is sometimes used
to denote areas that are legally protected from anthropogenic
disturbance, especially hunting (Keppel et al., 2012).
(2) Refuge versus refugium
The term ‘refuge’ is often used interchangeably with
‘refugium’ (or its plural ‘refugia’) in the literature (Keppel
et al., 2012). This conflation has created confusion about
what each term refers to and is exacerbated by various
definitions which mix process, pattern and mechanisms
when defining and applying these terms. Several recent
reviews have recognised these issues and sought to separate
the two concepts.
A unifying feature in separating the two terms is that
refugia are seen to operate at broader temporal and/or
spatial scales than refuges. Specifically, a refuge is seen to
operate over timescales of minutes to decades. By contrast,
refugia operate on longer timescales of millennia (Keppel
et al., 2012). This separation of the two terms on the basis
of time and the understanding that speciation in many taxa
occurs over time frames of >100000 years (Lister, 2004)
also enables a separation of the two concepts on the basis
of the evolutionary processes that may operate. Therefore,
refugia are locations where organisms can adapt to changing
conditions in order to persist over time. Davis et al. (2013)
extended these ideas to develop the complementary terms of
ecological refuge and evolutionary refugia and went on to
apply the terminology to aquatic habitats in arid Australia.
Aquatic habitats with the greatest degree of decoupling of
microclimate from regional climate were the most likely to
function as evolutionary refugia (Davis et al., 2013).
Keppel et al. (2012) developed a definition of refugia as sites
to which organisms retreat, persist in and potentially expand
from under changing environmental conditions. As indicated
above, refugia have been identified as sites where the local
climate is decoupled from the regional climate (Dobrowski,
2011) and, therefore, sites where a species can persist if the
regional climate changes in an unfavourable direction. Thus
the term refugia should be used when referring to range
dynamics and climate change (Keppel et al., 2012; Mackey
et al., 2012).
III. DEFINITIONS AND TYPOLOGY OF REFUGES
(1) Previous definitions
Refuges have been variously defined, but definitions have
been poorly tested, are not scaled, or mix processes and
patterns. For example, Morton & Baynes (1985) defined
refuges as places where animal species can persist through
drought owing to the existence of relatively dependable
supplies of moisture and nutrients. Such a definition conflicts
with those that emphasise structural elements that minimise
predation risk (e.g. Morton et al., 1995; Burbidge & Manly,
2002) or provide relief from fire effects (e.g. McDonald
et al., 2013). Definitions have largely precluded considerations
of species-specific requirements (i.e. autecology), making it
difficult to identify potential refuge-using species.
Some recent usage defines refuges at very fine spatial
and temporal scales that are applicable to individual
animals. Under this concept, a refuge is a location where
an individual can escape from difficult circumstances,
particularly predation, such as under a rock, into a burrow
or an area of dense vegetation (e.g. Li et al., 2014). Den
sites, where an animal rests for the day or night or where
it aestivates or hibernates, are also considered to be refuges.
In the context of fire, refuges are defined as habitat features
within a landscape that in the short term facilitate the survival
or persistence of organisms in the face of a fire event that
would otherwise result in their mortality, displacement or
local population extinction (Robinson et al., 2013).
(2) Definition of refuge used by irruptive mammals
Here we develop a definition of refuge that is based on
Keppel et al.’s (2012) approach to defining and classifying
refugia. Specifically, the approach involves a process-based
definition, centred on species-specific requirements in a
multidimensional domain of environmental variables, space
and time. In the temporal dimension, we consider that
refuges operate on timescales of decades or less. In the
spatial dimension we consider that a refuge must be of
sufficient area to support a local population of a species.
Thus we do not consider refuges at the scale of the individual.
Specifically, refuges are not only sites that provide protection
from predation (see Berryman & Hawkins, 2006) but also
enable a local population to persist.
We recognise that species with irruptive population
dynamics are likely to be obligate refuge users, with the
use of refuges between population irruptions analogous to
species distributional changes over much longer timescales,
such as during glacial cycles. These species are considered to
be obligate refuge users because populations outside refuges
during dry periods are expected to go extinct in a similar
manner to populations outside refugia during times of climate
change (Stewart et al., 2010).
We define a refuge as a subset of the potential range of
a species with irruptive population dynamics where a viable
population persists during the low phase of the population
cycle (i.e. the bust phase). We refer to a species with irruptive
population dynamics as an irruptive species. An irruptive
species is one that experiences population outbreaks that
result in significant increases in both the area of occupancy
and population size before contracting back to spatially
restricted areas with specific habitat attributes.
In all documented cases, irruptions have been triggered by
a pulse in primary productivity. Such pulses are often driven
by precipitation but can also be driven by food moving in
from outside the range of the irruptive species (e.g. desert
locusts; Atkinson et al., 2014).
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(3) Refuge typology
Below we present a typology of refuge types. The aim is
not to present a taxonomy of refuges but rather to show the
variation that is currently understood in refuge types and to
illustrate that refuges can have different temporal and spatial
dynamics. As the refuge concept is more widely tested in the
future it is probable that other refuge models will become
apparent.
We recognise two main types of refuge: a shifting refuge
and a fixed refuge. In addition, four potential types of fixed
refuge are recognised. A shifting refuge has a set of intrinsic
properties that make it more suitable than the surrounding
landscape for limited periods of time (typically at a scale
of weeks or months) for any one particular species. A fixed
refuge has a set of intrinsic properties that make it consistently
more suitable (typically on a scale of years or decades) than
the surrounding landscape for any one particular species.
Models of shifting and fixed refuges are given in Fig. 1 and
are expanded upon below.
(a) Shifting refuge
Refuges are most commonly assumed to occur in fixed or
predictable locations. In drylands, however, where moisture
is critically important for life, refuges may shift from place
to place over short time periods depending on the spatial
variability of precipitation (Fig. 1, model 1). A species that
exploits shifting refuges uses a large number of small and
highly localised refuges, moving from one to another in rapid
succession. In introducing the concept of shifting refuges,
Newsome & Corbett (1975) recognised that these could
be exploited only by animals that are both able to track
ephemeral flushes of resources, as they are created by local
precipitation events, and have the ability to access them by
directed movement. Mobile organisms such as birds could
be expected to exploit such spatially and temporally variable
resources most effectively (e.g. Tischler, Dickman & Wardle,
2013), although Newsome & Corbett (1975) argued that some
species of rodents could disperse sufficiently long distances to
exploit temporary resource patches. This was confirmed by
Dickman, Predavec & Downey (1995), who showed that three
species of rodents and three species of dasyurid marsupials
increased their movements during or just after rainfall, with
most movements (74%) being directed to where rain had
recently fallen.
(b) Fixed refuge
Fixed refuges are those that occur in predictable locations
and that are used consistently over time. We describe four
models of fixed refuge use. These differ on the basis of
whether the species’ use of the refuges is stable between
and/or within busts (Fig. 1, models 2A–D). A species that
uses fixed refuges that are stable between busts uses the
same refuge patches across consecutive bust periods and also
typically continues to occupy the same refuges during the
intervening boom phase. A species that uses fixed refuges
that are unstable between busts uses a different set of refuge
patches from one bust period to the next bust period. Some
of the refuge patches may be the same across busts, but not
all. A species that uses fixed refuges that are stable within a
bust occupies each of the refuge patches for the duration of
the bust period, while a species with fixed refuges that are
unstable within a bust period uses one or more of the refuge
patches for only part of a bust period.
Based on these criteria, the four models of irruptive species
usage of fixed refuges (Fig. 1, models 2A–D) are those that
are: (A) stable within and between busts (model 2A); (B)
unstable within busts and stable between busts (model 2B);
(C) stable within busts and unstable between busts (model
2C); (D) unstable within and between busts (model 2D).
Note that models 2A and 2B are based on the use of specific
refuge patches (i.e. refuges are stable between busts), whereas
models 2C and 2D rely on the importance of broad refuge
habitat rather than patches (i.e. refuges change between
busts).
The stability criteria for fixed refuge models (A) and (C)
defined above do not preclude the possibility that individuals
move from one occupied refuge to another within a bust.
However, the movement of individuals is predicted to be
bi-directional and a population continues to occupy each
fixed refuge patch. If such movement does occur, then the
refuges in a local area may function as a meta-population.
IV. CASE STUDIES OF REFUGE USE
Below we present three case studies of refuge use in
small mammals. These species were chosen because of the
significant amount of information available and the range of
refuge types that they represent.
(1) Plains mouse, Pseudomys australis
(a) Species characteristics
The plains mouse (Pseudomys australis) is a rodent (Muridae)
(body mass 30–65 g) endemic to a 700 km north–south
band of stony desert habitat and interdunal plains within
the Simpson and Strzelecki Deserts, Australia (Brandle,
Moseby & Adams, 1999). It is listed globally as Vulnerable
(Woinarski, Burbidge & Harrison, 2014). Females have
four nipples, can suckle up to four young and may produce
successive litters every 2–3 months (Breed, 1990), thus
enabling an irruptive population response to increased
resource abundance. Dramatic increases in abundance
and area of occupancy have been documented in response
to rare, large-magnitude climate-driven resource pulses
(Brandle & Moseby, 1999; Pavey et al., 2014a). Plains mouse
populations and area of occupancy are large while resource
availability remains high, but fall rapidly as resources decline
(Brandle & Moseby, 1999; Pavey, Eldridge & Heywood,
2008a). Brandle & Moseby (1999) detected an 80-fold
decrease in estimated population size during their 3-year
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Fig. 1. Models of refuge types showing changes in the pattern of occupancy of an irruptive mammal species across boom and bust
cycles. Boxes represent refuges. Shaded areas are occupied by the irruptive species, unshaded areas are not occupied. Movement of
individuals from one refuge to another within busts is expected to occur for the fixed refuges and is not indicated in the diagrams.
Model 1 is for shifting refuges; models 2A–D are for fixed refuges: 2A, stable within and between busts; 2B, unstable within busts
and stable between busts; 2C, stable within and unstable between busts; 2D, unstable within and between busts.
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study of this species within a favoured habitat patch. The
area of occupancy during busts declined to 17% of the boom
areas in the western Simpson Desert (Pavey et al., 2014a).
The range of habitats occupied is greater during population
outbreaks than during the low phase of the cycle (Pavey
& Nano, 2013).
(b) Habitat preferences
The plains mouse occurs primarily on cracking clay
and gibber plains within stony desert. Occurrence is
often associated with areas receiving moisture from the
surrounding landscape (hereafter referred to as ‘run-on’
areas) and minor drainage features, but not with areas
receiving large water flows and prolonged ponding such as
major drainage channels, floodplains and swamps (Brandle
et al., 1999). Friable cracking clay soils supporting little or
no perennial vegetation are characteristic of the preferred
habitat (Brandle et al., 1999).
(c) Refuge use and type
Run-on patches within stony desert are considered to be
refuge habitat for the plains mouse (Brandle & Moseby,
1999; Pavey et al., 2014a). Minor localised rainfall events that
produce limited run-off provide moisture to these run-on
patches which then produce flushes of grasses and forbs.
This vegetation is an important food resource for the plains
mouse (Brandle & Moseby, 1999; Pavey et al., 2014a).
The occurrence of plains mouse refuges is associated with
topographic position and soil type, which are fixed in the
landscape and unlikely to change substantially over ecological
timeframes, except where significant landscape modification
occurs through accelerated erosion or deposition. Plains
mouse refuges therefore fit the fixed refuge concept (see
Fig. 1, models 2A–D). There is evidence that the species’
use of refuges fits both model 2A – fixed refuges with
stability in refuges within and between busts (R. Brandle,
unpublished data) –and model 2B – fixed refuges with
instability in refuge location within busts but stability
between busts (Pavey et al., 2014a; C. R. Pavey, unpublished
data). Empirical support for the species fitting model 2B
comes from populations in both South Australia and the
Northern Territory. Specifically, a regularly sampled refuge
in northern South Australia was occupied for 2 years during
the early phase of a bust in 1993–1995 and then had
no animals during the remainder of the sampling period
(Brandle & Moseby, 1999). Plains mice in a study area in
the western Simpson Desert, Northern Territory, used a
series of four fixed refuges from 2007 to 2014. One of these
was occupied for only part of a bust (from October 2007
to March 2009) and then abandoned (Pavey et al., 2014a).
The other refuges were occupied during the two bust phases
and the intervening boom (C. R. Pavey, unpublished data).
Individually marked plains mice in this study were recorded
moving between refuges during a bust phase (C. R. Pavey,
unpublished data).
(d ) Drivers of population and occupancy dynamics
The primary driver of population increase in the plains
mouse is precipitation. Rainfall triggers primary productivity
and the subsequent increase in food availability drives
reproduction (Brandle & Moseby, 1999). In captivity, plains
mice will continue to breed throughout the year and a
gestation period of 30–35 days gives the species the capacity
for a rapid increase in population size (Smith, Watts &
Crichton, 1972). Such reproduction appears to occur only
during times of high resource availability in the wild (Watts
& Aslin, 1981).
In plains mouse habitat in the western Simpson Desert,
summer bias in rainfall is more marked in high-precipitation
years and it typically occurs as discrete, short pulses of
5–6 weeks duration. This summer bias in rainfall favours
extensive plant growth (Nano & Pavey, 2013). Increased food
availability likely increases plains mouse reproductive activity
and survivorship, leading to increases in population density
and eventual dispersal from refuges. A summer rainfall event
of 75 mm led to significant breeding and a within-refuge
population increase of the species, but did not produce a
population outbreak. By comparison, summer rainfall events
of >100 mm do produce population irruptions (Pavey et al.,
2014a), with the species moving into a range of habitats
not occupied during dry periods (Pavey & Nano, 2013).
Populations of plains mouse show marked increases 4–9
months after heavy summer rain (Pavey & Nano, 2013) with
dispersing individuals appearing outside of refuge habitat
within 4 months (C. R. Pavey, unpublished data).
The rate of population increase is likely to be slowed by
declining food resources and increased levels of predation
from mammalian carnivores [dingo (Canis dingo), feral
cat, red fox] and native birds of prey [eastern barn
owl (Tyto javanica), southern boobook (Ninox novaeseelandiae),
letter-winged kite (Elanus scriptus) (Pavey et al., 2008a; Pavey,
Gorman & Heywood, 2008b; McDonald & Pavey, 2014)].
Predation may also contribute to dramatic post-resource
pulse population declines. The impact of predation by
mammalian carnivores may be further increased in the
presence of the European rabbit (Oryctolagus cuniculus) as this
species supports high predator densities.
Other potential drivers of plains mouse population
dynamics may be important. Disease may act to cause
declines at high population densities when individuals are
stressed as resources become depleted. High levels of use
of refuge habitat by livestock [cattle (Bos taurus), sheep (Ovis
aries)] and other ungulates [feral horse (Equus caballus), feral
one-humped camel (Camelus dromedarius)] may impact refuges
and reduce the size of refuge populations, thus muting the
response to resource pulses. The combination of grazing
and trampling removes ground cover and seed sources, and
can also damage burrows. Finally, competition for food
and shelter may be a factor, especially from the larger,
native, long-haired rat (Rattus villosissimus) which invaded
plains mouse habitat during a resource pulse in 2010–2011
(Pavey & Nano, 2013).
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(e) Persistence in refuges
Some refuges appear to be occupied for the entire duration
of the bust phase of the population cycle. Pavey et al. (2014a)
recorded capture rates in refuges during the low phase of the
population cycle equal to or higher than those in outbreak
sites during the population peak, indicating that these refuges
are important for the persistence of the plains mouse during
dry periods. Refuge populations remain in good condition
and plains mice continue to breed in refuges throughout the
dry period (Brandle & Moseby, 1999; Pavey et al., 2014a).
By contrast, populations outside refuges appear to go extinct
during dry periods. A number of key resources are present in
refuges that enable persistence of the plains mouse. Shelter
is present in the form of protected burrow systems (dug in
sandy soil under shrubs) and deep soil cracks (that provide
protection from predators and environmental extremes).
Food is available as a result of the landscape characteristics
of these areas that enable a regular supply of green food and
seed accumulation.
(2) Central rock-rat, Zyzomys pedunculatus
(a) Species characteristics
The central rock-rat (Zyzomys pedunculatus) is a medium-sized
(body mass 70–150 g) rodent (Muridae) endemic to mountain
ranges and adjacent foothills in central Australia. The species
is listed globally as Endangered, with a recommendation
that this be upgraded to Critically Endangered as it is
undergoing declines and is little known (Woinarski et al.,
2014). In captivity, central rock-rats live to a maximum
of 7 years and breed between the ages of 2 and 5 years.
Females can produce multiple litters during a year and
show the capacity to breed year-round, with young recorded
in all months except June and September. Average litter
size is three. This reproductive capacity means that the
species can respond to periods of resource abundance by
rapidly increasing in population size. Dramatic increases in
abundance and area of occupancy have been documented in
response to a large-magnitude climate-driven resource pulse
(Edwards, 2013b).
(b) Habitat preferences
The species was recorded from several mountain range
systems in central Australia until 1960 but then remained
undetected until 1996 when it was rediscovered in a remote
part of the mountainous MacDonnell Ranges (Nano, 2008).
Over the following 7 years the central rock-rat was recorded
at 13 sites across a 600 km2 area of the West MacDonnell
National Park (NP) and a nearby cattle station (Nano, 2008).
In this period the species was recorded from tussock and
hummock grasslands and tall open shrublands on a range
of rocky substrates (Nano, 2008). It underwent a population
irruption in 2000–2001. In 2002, when drought conditions
prevailed and wildfires burnt a large proportion of the
region (Turner, Ostendorf & Lewis, 2008), central rock-rats
disappeared from monitoring sites near Ormiston Gorge
and the species has not been captured there since (Edwards,
2013a). Targeted surveys in 2009–2010 located an extant
population near the summit of Mt Sonder (at 1380 m
above sea level), and the species has since been recorded
from a further two locations in the West MacDonnell NP
and at a single location 70 km west of there (McDonald
et al., 2013, 2015a; Fig. 2). All these recent locations are
on high-elevation (>1100 m) quartzite ridges and mountain
peaks, despite substantial survey effort at lower elevations
and on other geologies throughout the region (McDonald
et al., 2013). This landform type is now considered core refuge
habitat (McDonald et al., 2013, 2015a). Vegetation on these
landforms is characterised by a ground layer dominated by
either hummock grasses or a mixture of forbs and sub-shrubs
with the upper strata comprised of scattered low shrubs or
mallee-form eucalypts.
(c) Refuge use and type
High-elevation quartzite ridges and mountain peaks are
considered to be core refuge habitat of the central rock-rat.
The factors defining the refuge quality of this habitat are
poorly understood, although protection from both predation
by feral cats and disturbance from wildfires have been
suggested as hypotheses (McDonald et al., 2013, 2015b).
Recent research on Australian small mammals shows that
declines in population size after fire occur as a result of
fire-induced loss in vegetation cover which increases the
vulnerability of individuals to predation; that is, individuals
survive the fire but are subsequently depredated in the more
open habitat (Ko¨rtner, Pavey & Geiser, 2007; McGregor
et al., 2014). The tendency for wildfire extent to be patchy on
high-elevation ridges and peaks in the MacDonnell Ranges
may contribute to these acting as refuges, particularly from
feral cat predation. Food resources are not thought to be
a major limiting factor as the central rock-rat feeds on
the seeds and stems of a range of widespread grass, forb
and shrub species, including many that are fire-encouraged
(Nano, Smith & Jefferys, 2003; Edwards, 2013b).
The occurrence of refuges of the central rock-rat is strongly
associated with topographic position. These quartzite ridges
and mountain peaks are fixed in the landscape and will not
change over ecological timeframes. Central rock-rat refuges
therefore fit the fixed refuge concept (Fig. 1, models 2A–D).
The available information suggests that the species’ use of
refuges fits model 2A – fixed refuge with stability in refuges
within and between busts. However, it is important to note
that central rock-rat occupancy is currently very low (c. 10%)
within the greater matrix of apparently suitable quartzite
refuge habitat (McDonald et al., 2015b). As yet there is no
evidence of movement between refuges during a bust phase
(P. J. McDonald, unpublished data).
(d ) Drivers of population and occupancy dynamics
The only thoroughly documented, known-population
irruption occurred in response to elevated primary
productivity associated with high rainfall in 2000–2001
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Fig. 2. Presence (N = 7) and absence (N = 72) records of the central rock-rat (Zyzomys pedunculatus) made in 1996–2002 and
2009–2014 in relation to elevation and the West MacDonnell National Park boundary, Northern Territory, Australia. An additional
record was made approximately 70 km to the west, on Haast’s Bluff Aboriginal Land Trust. Inset map denotes historical records
(pre-1996) and the current known distribution (1996–2014) in Australia.
(Edwards, 2013a,b). At this time and over the preceding 4
years, central rock-rats occurred on a range of geology types
in the Ormiston Gorge region of the West MacDonnell NP,
including at sites as low as 750 m elevation. Precipitation
of similar magnitude to that in 2000–2001 occurred in
2010–2011 and, although reproductive activity was observed
within high-altitude refuge habitat, the species was not
recorded outside of these refuges (McDonald et al., 2013).
Therefore, it is difficult to discuss with any certainty the
factors driving population dynamics in the central rock-rat.
It seems possible that the central rock-rat is suffering ongoing
population declines, with its geographical range declining
within successive bust phases.
(e) Persistence in refuges
Limited information is available on the persistence of this
species in refuges during the low phase of the population
cycle. The populations that irrupted during 2000–2001
and occupied habitat outside refuges went extinct during
2002 (Edwards, 2013b). A population of the central rock-rat
disappeared in 2011 from a (likely refuge) site where it had
been recorded breeding 12 months prior to and during a
period when individuals were breeding at another location
(McDonald et al., 2013). This suggests that, in contrast to arid
Australia’s other irruptive rodents, large rainfall events alone
are not a reliable predictor of population irruptions and
that, within core refuge habitat, occupancy by the central
rock-rat may shift over time. Alternatively, central rock-rats
may be suffering an ongoing, predation-driven decline that
is resulting in reduced occupancy in refuge habitat over time
and therefore a reduced ability to respond numerically to
resource pulses.
(3) Spinifex hopping-mouse, Notomys alexis
(a) Species characteristics
Distributed widely across dryland Australia, the spinifex
hopping-mouse (Notomys alexis) is a small (body mass 27–45
g) endemic rodent (Muridae) that occurs primarily on sandy
soils that can be excavated readily for burrows (Watts &
Aslin, 1981). Although often present at very low density
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(<0.1 animals per ha), this species can increase in numbers
by more than two orders of magnitude within a year if
conditions are favourable (Dickman et al., 1999). As with
the plains mouse and central rock-rat, females have four
nipples and suckle three to four young at a time, produce
multiple litters when conditions are favourable, and can
extend breeding from the usual spring–summer period to
autumn and winter if resources are available (Finlayson,
1940; Breed, 1979, 1992; Breed & Leigh, 2011). Population
irruptions most likely arise from the extension of the usual
vernal breeding period, increased survival of young, and
immigration of some animals from drought-stricken areas
into locales that have received recent rain (Masters, 1993;
Dickman et al., 1995; Breed & Leigh, 2011). The area of
occupancy of the spinifex hopping-mouse expands during
irruptions, with animals occupying more varied habitats at
these times than during periods of rainfall deficit (Newsome
& Corbett, 1975).
(b) Habitat preferences
Spinifex hopping-mice occur primarily in areas dominated
by perennial hummock grasses (Triodia spp.), but also occur
in other vegetation on alluvial flats and in shrubland
dominated by chenopods, as well as in areas of low woodland
and tussock grassland (Burbidge et al., 1976; McKenzie,
Hall & Muir, 2000; Moseby, Hill & Read, 2009). The
distributional stronghold of the species is in the hummock
grasslands that cover about 25% of the Australian land area
(Dickman et al., 2014). Unlike many other dryland-dwelling
Australian rodents, there is no evidence that the geographical
range of the spinifex hopping-mouse has declined; despite
the dramatic fluctuations that characterise its population
dynamics, it appears to be secure (Woinarski et al., 2014).
(c) Refuge use and type
Despite its preference for spinifex grassland, the spinifex
hopping-mouse may disappear for prolonged periods in this
habitat and elude even the most determined efforts to locate
it. For example, Masters (1993) captured on average ≤1
animal per plot on six 2.88-ha trapping plots in spinifex
grassland over the course of a year, but within months of
heavy rain the capture rate had risen to >60 animals per
plot. Dickman et al. (1999) reported zero captures for 4 years
on 12 intensively trapped 1-ha plots before animals began to
reappear. Similar disappearances of this species have been
recorded in most other longitudinal studies (Predavec, 1994;
Southgate & Masters, 1996; Breed & Leigh, 2011). These
nil-records at known sites appear to be real and do not reflect
declines in detectability or trapability; Dickman et al. (2011)
showed that independent measures of animal activity such as
the presence of burrows and counts of footprints on transects
correlated strongly with actual captures.
Despite the paucity of captures of spinifex hopping-mouse
for prolonged periods when conditions are unfavourable, two
pieces of evidence suggest that animals are still present within
or close to spinifex grassland. First, remains of the species can
be recovered from the scats/pellets of mammalian and avian
predators (feral cat, red fox, dingo, owls) that hunt in spinifex
grassland even at times when hopping-mouse densities on
sampling plots are low or zero. Although the representation
of spinifex hopping-mouse in the diets of these predators may
be low at these times (<10% by frequency of occurrence;
Pavey et al., 2008a,b; Spencer, Crowther & Dickman, 2014a),
the species clearly still persists. Second, within months of a
widespread rainfall event, spinifex hopping-mice reappear in
traps on distantly spaced sampling plots at about the same
time and in similar numbers (Dickman et al., 2011). This
suggests that animals are present in the spinifex grassland
system all the time and are not dispersing from refuge habitats
that are located in discrete or geographically remote places.
Indeed, intensive surveys in other vegetation communities
associated with spinifex grasslands that are often believed to
provide refuge to other mammals and birds, such as riparian
channels, confirm that these elements do not constitute refuge
habitats for the species (Free et al., 2013).
Instead, available evidence suggests that the spinifex
hopping-mouse uses an unusual form of refuge habitat:
tall shrubs that occur as isolates or as small stands of <10
individual plants that are embedded but widely scattered
within the spinifex grassland biome (Dickman et al., 2011).
Radio-tracked individuals spend periods of 4–5 days
within a radius of <100 m of these shrubs before moving
rapidly to different shrubs that may be 2–3 km distant,
presumably after the resources that the species relies upon
have been reduced to marginal levels at the initial shrub sites
(Murray & Dickman, 1994; Dickman et al., 2011). In the
eastern Simpson Desert, where the most detailed studies
have been carried out, the cover of shrubs that are used by
this species is no more than 6% (Greenville et al., 2009). The
local activity of animals around particular shrubs and rapid
movement to other shrubs every few days probably accounts
for the very low trappability on small, fixed sampling
plots during periods when conditions are unfavourable;
Dickman et al. (2011) suggested that most captures at
these times represented individuals that were intercepted
while dispersing between shrubs. If these interpretations
are correct, the spinifex hopping-mouse probably makes
sequential use of multiple small and highly localised refuge
habitats, shifting from one refuge to the next as resources
become exhausted. Thus the spinifex hopping-mouse is the
species on which the shifting refuge concept used herein has
been developed (Fig. 1, model 1).
(d ) Drivers of population and occupancy dynamics
As for the other two case-study species, the primary driver of
population increase in the spinifex hopping-mouse is rainfall.
The absolute amount that is needed to be physiologically
effective and to drive pulses of primary productivity varies
between times and places, and the rate of population increase
also is dependent on the starting level of the population
and the timing of rainfall (Southgate & Masters, 1996;
Dickman et al., 2014). In general, winter rainfall does not
appear to stimulate reproduction, whereas summers with
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heavy rainfall (>200 mm) are likely to increase reproductive
activity and improve the survival of young (Breed & Leigh,
2011). However, smaller amounts of summer rainfall also
have stimulatory effects if winter rains have been heavy, and
consecutive summers with above-average rainfall can lead to
densities of >50 animals per ha (Dickman et al., 2014). There
is also some evidence that population increases may not occur
even after very heavy summer rainfall events if an irruption
has occurred within the previous 5 years or less. Ricci (2003)
showed that the amount of spinifex seed produced following
summer rain is a key determinant of the subsequent numbers
of spinifex hopping-mice, and speculated that at least 5 years
must elapse between spinifex seeding events to allow time for
nutrients to recycle and become available to support further
episodes of seeding.
Populations of the spinifex hopping-mouse show marked
increases 3–6 months after heavy summer rains (Predavec,
1994; Dickman et al., 1999), with adult animals becoming
more sedentary and social as density rises (Dickman et al.,
2010). Sub-adults appear to be mobile during periods of
population expansion, and are observed more frequently
in habitats other than spinifex grassland such as claypans,
shrubland and stony desert (Dickman et al., 2014). In some
populations social suppression of reproduction occurs when
densities reach a certain threshold (>25 animals per ha;
Breed, 1979, 1992), but in others the rate of population
increase is slowed by declining resources and increased
levels of predation from feral cats, red foxes and birds
of prey (Letnic, Tamayo & Dickman, 2005; Pavey et al.,
2008a; Dickman et al., 2010). Predation is also thought to
suppress populations of spinifex hopping-mice and dampen
the boom phase. Moseby et al. (2009) recorded 15 times more
hopping-mice where predators were removed compared
with sites where predators were present. High populations
were sustained in the absence of predators even during
dry conditions. In contrast to the plains mouse, there is no
evidence of spinifex hopping-mouse declines owing to disease
or increased parasite loads (Ricci, 2003).
Two further drivers are important for the spinifex
hopping-mouse. In the first instance, grazing by introduced
livestock can deplete food and shelter resources, reducing
the average size of populations and muting their response to
heavy rainfall events (Frank et al., 2013). Second, fire removes
vegetation cover, reduces food and shelter resources, and
exposes small mammals to greater risks of predation from
visually hunting predators (Letnic et al., 2005; McGregor et al.,
2014). Small-scale fires (<10 ha) appear to have limited effects
on activity or numbers, but populations decline markedly if
broadscale wildfires occur (Pastro, Dickman & Letnic, 2011;
Letnic, Tischler & Gordon, 2013). However, if moderate
levels of vegetative cover (5–10%) are available, the spinifex
hopping-mouse appears to use the sparse cover and its fast
hopping speed (4.5 m/s; Stanley, 1971) to elude cursorial
predators (Spencer, Crowther & Dickman, 2014b). During
prolonged droughts and in the post-fire environment, tall
shrubs such as mallee-form eucalypts that regenerate from
below-ground storage organs appear to provide key refuge
habitat for the spinifex hopping-mouse.
(e) Persistence in refuges
The pattern of persistence in refuges found in the spinifex
hopping-mouse contrasts markedly with that of the plains
mouse and central rock-rat. This difference results from
the use of shifting refuges by this species. Because the
ground cover provided by the shrubs and shrub-clusters used
as refuges is limited (typically 10–500 m2), hopping-mice
spend less than a week at each refuge before moving to
another (Dickman et al., 2011). Deep leaf litter at the bases of
shrubs provides both shelter and a local source of seeds and
invertebrates, and it appears to be the depletion of these food
resources to marginal levels that prompts animals to move
on (Dickman et al., 2010, 2011).
The strategy of making transient use of small and highly
localised refuge habitats is likely to succeed most effectively in
landscapes where the costs of moving between these patches
are outweighed by the benefits of gaining access to them. Dis-
persal costs could be expected to be minimised if patches are
in close proximity. In the eastern Simpson Desert, Tischler
(2011) reported an average of 15.4 shrubs and trees (>3 m
tall) per ha in spinifex grassland (range 0–20 per ha), although
the proportion of these shrubs that may have been suitable
for spinifex hopping-mice is not known. During the low
phase of the population cycle radio-tracked hopping-mice
have been recorded moving distances of 550–3340 m
between patches of tall shrubs (Dickman et al., 2010, 2011; C.
R. Dickman, unpublished data); these distances clearly allow
persistence of the species in spinifex grassland, but the effects
of larger spacing between refuge habitats is not known.
(4) Other refuge-using species
The three case studies above cover rodents in the family
Muridae all of which are endemic to the drylands of northern
and central Australia where rainfall is highly unpredictable.
We have used Australian murid rodents as a case study to
provide focus; however, we predict that refuge use will be
widespread among dryland small mammals and not only an
Australian phenomenon. Rodents in the family Muridae are
a diverse and widespread component of the fauna of the dry-
lands of Asia and Africa including regions such as the Thar,
Kalahari–Namib and Somali Deserts that experience highly
unpredictable rainfall similar to our Australian dryland case
study area (van Etten, 2009). We expect that this combina-
tion of life-history characteristics and climatic conditions will
have produced conditions suitable for the evolution of refuge
use in these drylands. In addition, we note that refuge use
among small mammals is already known in dryland South
America where several members of the family Cricetidae
in the Norte Chico of north-central Chile use riverine
shrublands and fog-forest patches as refuges during dry years
within dominant thorn-scrub habitat (Milstead et al., 2007).
Small-mammal refuges also occur on the Eurasian steppe
(Naumov, 1975; Bykov, Shabanova & Bukhareva, 2011).
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The case studies above indicate the species-specific nature
of refuges and provide a significant conceptual advance from
the view of refuges as being concentrated in mesic areas
such as riverine vegetation. This clarification suggests that
refuges are unlikely to be shared by a large number of
species. However, in some habitat types there is emerging
evidence of the presence of multiple refuge-using species.
As an example, the refuges of the plains mouse on cracking
clay are also occupied by dasyurid marsupials including
Sminthopsis crassicaudata and S. macroura. Each of these species
is potentially also refuge-using. However, the current level of
information is insufficient to draw conclusions on refuge-use
patterns of ecologically and taxonomically similar species.
The future research agenda (Section VII) provides an outline
for how this knowledge can be gained rapidly.
Patterns of refuge use of most of the larger carnivorous
dasyurid marsupials are currently also unclear. The
brush-tailed mulgara (Dasycercus blythi) and crest-tailed
mulgara (D. cristicauda) potentially use shifting refuges but
available evidence is tenuous. The kowari (Dasyuroides byrnei)
is a medium-sized (70–175 g) species that inhabits stony
plains in Australia’s Lake Eyre Basin where it preys on a
range of invertebrates, mammals, reptiles and birds (Canty,
2012). Precipitation events and their associated plant and
faunal production are the main drivers of kowari population
dynamics (Lim, 1998). Available evidence suggests that it
occupies fixed refuges. Sand mounds over 40 cm deep, which
form in minor impermeable depressions across the landscape,
are a key habitat component as they support kowari burrow
systems. Sand mounds are restricted to patches in the
landscape with minimal slope and small drainage depressions
favourable for sand mound development. These therefore
represent fixed refuges over the scale of decades.
V. METHODOLOGY FOR REFUGE LOCATION
We develop below a three-step approach to refuge
identification relying on autecological research, modelling
and field verification.
Initial research should include a review of available
literature on the target species and consider previous records
from fauna atlases or museum databases. This information
may then be used to direct field research into the target
species’ basic biology and ecological requirements (e.g.
shelter sites, diet, reproduction, life span and movements).
Optimum detection methods for the species then need to
be determined and detectability should be accounted for in
study design and analysis, particularly if the target species is
known or likely to be imperfectly detected (MacKenzie et al.,
2002). Sampling should use rigorous design (e.g. stratified
random) as it is ideal to establish where the target species
does and does not occur in the landscape. Specifically,
known absence sites can increase the predictive power of
presence–absence type habitat modelling, although other
techniques are available (see below). Sampling should at least
be conducted during the bust period. However, sampling in
both the boom and bust periods would allow a comparison of
habitat preference between these periods and could provide
important insight into the ecological drivers of the refuges.
Location information obtained from previous bust periods
and/or field sampling can then be used broadly to identify
potential refuge habitat of the species. Landscape-scale
identification of potential refuge sites could be based on a
number of physical or temporal habitat attributes including
soil or rock type, elevation, patch size, fire age, rainfall and
vegetation. Locating potential refuges therefore may be as
simple as identifying a single landform type on a map or
could use one of a range of species distribution modelling
tools. For example, generalised linear models are frequently
applied to presence–absence data to build habitat models
and are readily incorporated into global imaging system (GIS)
programs to produce probability of occurrence maps (Elith
& Leathwick, 2009). More complex non-linear models (e.g.
generalised additive models, multivariate adaptive regression
splines) can also be used to predict distributions and may
outperform the more established methods (Elith et al., 2006).
Powerful machine-learning programs are also available (e.g.
Maxent) and can be used to model distributions with
presence-only data (Phillips & Dudik, 2008).
Regardless of the modelling technique used to identify
potential refuge sites at a landscape scale, field verification is
required to confirm presence during a bust period and deter-
mine whether hypothesised refuge areas actually facilitate
persistence of the target species during the bust. Ideally, a
range of predicted absence sites should also be sampled at this
time to ensure rigorous validation of the habitat models. The
results can then be used to refine habitat models if required
(Luck, 2002). This sampling is also important so that refuge
characteristics operating at finer scales than the available
map layers can be identified, and a range of outbreak and
potential refuge sites should be monitored and compared dur-
ing the bust phase. To verify correctly a species’ refuge, the
species’ presence and persistence should ideally be recorded
during two successive bust periods. While a larger number of
sampling periods would be ideal, the rarity of boom periods
means that verification during more than two bust periods
could take decades. Two bust periods is a reasonable bal-
ance between minimising the possibility of presence due to
migration or chance, and the ongoing scarcity of long-term
monitoring programmes in dryland areas.
This stage should include field-based techniques designed
to identify species presence at a site level as well as methods
designed to test for evidence of within-bust persistence
(reproduction, immigration or longevity). While difficult
to anticipate, field surveys to record presence/absence
in potential refuge sites should ideally occur towards
the end of the bust cycle. Evidence of persistence may
require capture–mark–recapture studies and recording of
reproductive condition and age if the species’ life span is
shorter than the average bust period. It is important at this
stage to identify fine-scale habitat attributes that characterise
refuges so that field monitoring will be able to include
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measurements of specific habitat variables at both hypoth-
esised refuge and outbreak sites. Once these steps have been
completed, species distribution models can be updated and
used to identify potential species-specific refuge sites at a
landscape scale. If required, the presence of fine-scale site
characteristics can then be used to verify or prioritise specific
refuges during confirmatory ground-truthing exercises.
VI. POTENTIAL THREATS
In the drylands of Australia, factors considered to have
contributed to declines of refuge-using small mammals
include altered fire regimes (e.g. Cockburn, 1978), envi-
ronmental degradation from grazing by livestock and feral
herbivores (Smith & Quin, 1996; Lunney, 2001), predation
from introduced carnivores (Dickman et al., 1993; Johnson,
2006), and epidemic disease (Abbott, 2006; Green, 2014).
The relative importance of these threats has been difficult
to quantify, with a multitude of causal factors probably
contributing. However, modelling (e.g. Smith & Quin,
1996; McKenzie et al., 2007), dietary analysis (e.g. Corbett &
Newsome, 1987; Kutt, 2012) and field-based experimental
evidence (e.g. Kinnear, Onus & Bromilow, 1988; Predavec &
Dickman, 1994; Moseby et al., 2009) increasingly implicates
predation as the highest order cause of present-day declines
of small mammals. Aridity, low reproductive rates and small
body size are, in turn, believed to increase vulnerability to
predation (Smith & Quin, 1996; McKenzie et al., 2007).
The presence and use of biophysical structures that shelter
small mammals, such as optimal-aged spinifex patches or
soil textures that allow for digging or the production of
cracks, has minimised range reductions in a number of small
mammal species (Smith & Quin, 1996; Burbidge & Manly,
2002). While there is sometimes little relationship between
vegetation structure and small mammal populations (Letnic
& Dickman, 2010), this may not be the case during periods
of high predator activity (Letnic et al., 2005) particularly at
sites of high small mammal density such as refuges. For
species such as the plains mouse, cracking clays provide
both resources and shelter against predation by birds and
mammals (Brandle et al., 1999). Altered surface hydrology
may cause flooding or the deposition of silt and sand from
upslope areas, leading to a temporary or more permanent
loss of shelter and food resources, and downgrading of these
areas to secondary habitat (Brandle et al., 1999).
Although poorly examined in the Australian drylands,
changes in surface hydrology, soil microtopography and sur-
face integrity can potentially change the availability of food
in refuges. Most small mammals in the Australian drylands
do not require free-standing water to survive (Watts & Aslin,
1981). Although these species can subsist during bust periods
on invertebrates, dry seed, and whatever green material is
available (Murray et al., 1999), during boom periods primary
productivity needs to be sufficient to produce the seeds that
are an important part of the bust-period diets of small mam-
mals (Watts & Aslin, 1981). Changes in surface hydrology
can reduce soil moisture, and therefore primary productivity,
with high levels of herbivory reducing seed production in the
short term and primary productivity in the longer term (Whit-
ford, 1995; Ludwig et al., 2005). That said, the scant empirical
data that are available suggest that fire and grazing may have
little effect on some refuge-using species during boom periods
(D’Souza et al., 2013; Frank et al., 2014), and the opportunis-
tic and omnivorous diets of many dryland-dwelling rodents
(Murray et al., 1999) may potentially buffer the dietary restric-
tions associated with declining biomass.
Changing species interactions pose a threat to small
mammal refuges when these involve an increase in absolute
levels of predation or competition, or if the amplitude of
population cycles alters such that relative levels of predation
or competition increase during significant periods. Increased
densities of mesopredators such as foxes or cats through,
for example, an increase in artificial waterpoints (Brawata &
Neeman, 2011) or a decline in dingo numbers (see Letnic,
Ritchie & Dickman, 2012), are an obvious and direct threat
to small mammal species reliant on refuges. This risk can
be multiplied if refuge habitats are subjected to structural
changes (Letnic & Dickman, 2010). Refuge-using species may
be particularly vulnerable to predation by mesopredators
during the shift between boom and bust periods. During
this time, population densities of refuge species may become
relatively more concentrated in refuge areas than in the
surrounding landscape and, with densities of alternative prey
sources beginning to decline, predators may target refuges
(Newsome & Corbett, 1975; Smith & Quin, 1996; Letnic
& Dickman, 2010; Pavey et al., 2014a). Although a few
dispersed individuals could be the founders of new colonies
after predator starvation, this mechanism may explain why
plains mouse refuges can disappear despite the availability of
abundant food (Watts & Aslin, 1981). Species using shifting
refuges may therefore be less vulnerable to localised change
than those that are spatially fixed, as widespread and frequent
movement allows for minimisation of predation risk at any
one refuge (Newsome & Corbett, 1975).
Climate change may affect refuges and refuge-using
species via direct physiological or habitat impacts, or by
altering the amplitude of population cycles. Temperatures
are generally expected to increase in dryland Australia but
there is significant uncertainty associated with expected
changes in precipitation (Healy, 2015). Given that
precipitation is the primary determinant of the dynamics
of small mammals with life histories that allow opportunistic
breeding, this uncertainty is unfortunate. That said,
modelling of the regional climate of the Simpson Desert does
suggest an accelerating trend for larger and more frequent
rainfall events that punctuate periods of extreme drought
(Greenville, Wardle & Dickman, 2012) and recent research
suggests a doubling of extreme La Nin˜a events globally (Cai
et al., 2015). Changes in these stochastic events are expected
to exaggerate the amplitude of population cycles and increase
the risks associated with extreme population fluctuations.
The ability of refuges to buffer temperature changes in
future will be a product of a variety of factors including soil
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type and burrow or crack depth, as is the case currently
(Geiser & Pavey, 2007; Ko¨rtner, Pavey & Geiser, 2008).
While fire and predation are current postulated threats to
the central rock-rat (McDonald et al., 2013), climate-change
modelling suggests there will be no suitable habitat available
for this species by 2085 (A. Reside, unpublished data, see
Reside et al., 2013). The Barkly Tableland and Lake Eyre
Basin may contain the majority of refuges for the long-haired
rat (Plomley, 1972; Carstairs, 1974; Newsome & Corbett,
1975) but again modelling suggests there will be no suitable
habitat in this region for the species by 2085 (A. Reside,
unpublished data, see Reside et al., 2013).
Current ecological knowledge suggests that the changing
amplitude of population cycles, either through ongoing
ecological perturbations in post-colonial landscapes like
Australia or through climate change, may pose a more subtle
threat to refuges than implied by suitable climate-change
envelopes. Most research to date shows refuge species to be
in good body condition and reproductive status during bust
periods (Brandle et al., 1999; Pavey et al., 2014a), and that this
may be due to low levels of resources that become periodically
available during localised, bust-period precipitation events
(Newsome & Corbett, 1975; Nano & Pavey, 2013; Pavey &
Nano, 2013). Dickman et al. (1999) rejected the hypothesis
that too-frequent heavy rain could potentially have a negative
effect on food stores on the basis that Australian dryland
rodents do not cache food. However, changes in the temporal
and spatial variability or intensity of precipitation events may
change food resources, fecundity, and population viability in
other ways during bust periods. The dampening of booms
may affect outbreeding and increase predation risk; the
probability of a population irruption of the long-haired rat
increases rapidly after annual rainfall of 600 mm, with
an 80% probability of an irruption occurring after annual
rainfall of 750 mm (Greenville et al., 2013), but changes in the
period between such events may affect population viability.
The changing amplitude of boom–bust cycles may also
affect predator–prey relationships by affecting the length or
severity of Smith & Quin’s (1996) ‘predator pit’. Currently,
the high mortality rate of mesopredators during the bust
phase (Newsome & Corbett, 1975) allows refuge species to
reproduce when localised resources become available and
predation risk is low. It is likely that predators suppress
small mammals only when boom periods are close enough
for them to survive, despite a major bust-period reduction
in their food supply (Newsome & Corbett, 1975). Predator
die-off may not occur if climatic patterns shorten periods
between booms. Boom–bust amplitudes and frequency
thus affected may provide alternative food sources to
mesopredators (which are generalist feeders, e.g. Kutt, 2012;
Mifsud & Woolley, 2012), dampening their high mortality
rate. Refuge-using prey species may not be similarly
advantaged (see Dickman et al., 1999) but their exposure
to these mesopredators will be extended and potentially
ongoing, increasing their risk of extinction within their
refuges. The small size and limited connectivity of refuges
are endogenous features that may increase the vulnerability
of their inhabitants. Brandle et al. (1999) found genetic
subpopulations, but little evidence of inbreeding, in wild
populations of plains mice. Lacy & Horner (1997) noted that
boom–bust cycles may provide optimal conditions for the
purging of deleterious alleles expressed through inbreeding
in the long-haired rat. Nevertheless, irruptions interspersed
with contractions to refuges could theoretically still lead
to inbreeding during bust periods (Lacy & Horner, 1997).
Recent developments in landscape genetics could be used to
quantify such possibilities (Galpern et al., 2014).
VII. FUTURE RESEARCH AGENDA
An ongoing research agenda should focus on four key
questions. First, what constitutes a refuge, particularly one
that is of high quality? Second, what are the spatial and
temporal population interactions within and among refuges,
and how might these interactions relate to long-term species
survivorship? Third, what is the nature of threats to refuge
quality and connectivity? Finally, how widely applicable is
the refuge concept, both geographically and taxonomically,
beyond irruptive mammals?
The refuge typology proposed herein highlights the diver-
sity of potential refuge forms, but it is the case studies that
suggest that what constitutes a refuge, and high refuge quality,
is likely to be species-specific. This specificity involves interac-
tions between species behavioural traits, dietary and micro-
climate requirements, and reproductive characteristics. It is
thus likely that there is no easy answer to the question of what
constitutes a refuge. Similarly, it is likely that there will be no
one location where managers can target effort in an attempt
to improve refuge quality for a large number of species. How-
ever, it remains possible that multiple species may occupy
similar refuge habitat, as is suggested above (Section IV.4)
for the plains mouse and several species of small dasyurid
marsupials. This possibility requires further investigation as
it will enable more efficient management to be undertaken.
Understanding population interactions within and among
refuges, and how these might relate to long-term species
survivorship, is an important part of clarifying the temporal
and spatial boundaries of refuges better, and understanding
patterns of gene flow and population viability. A fundamental
aspect of this work will be to understand the fate of individuals
in expanded populations (i.e. those that move outside refuges
during booms) during contraction phases when busts begin.
The key question is whether populations outside refuges make
any contribution to the long-term evolution of the species
(Stewart et al., 2010). This understanding is important for the
design of management strategies. For example, currently it
is unclear whether management should be focussed at the
very small scale of a refuge (sometimes only a few hectares),
or whether broader connectivity issues at the landscape
scale make the management of inter-refuge corridors equally
important. Clarifying the scale of connectivity through time
and space will be an important step.
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Some of the hypothesised threats highlighted above,
including high levels of predation at key times in the
population cycle and potential shifts in population amplitudes
with climate change, are threats likely to be applicable to
all refuge-using mammals. Our knowledge on the extent
and severity of these threats will need to be refined with
an increase in more temporally nuanced understanding
of climatic drivers and species responses. Longitudinal
assessments of species interactions and landscape ecology
that are embedded within their climatic context will be a key
requirement.
Finally, this review has necessarily focused on the small
mammal refuges in dryland Australia as this is the dryland
system where this concept and its field assessment have been
pioneered and developed. The applicability of the refuge
typology outlined herein to those outside Australia, and the
suitability of the suggested methods for identifying refuges
and potential threats are as yet unclear. It is similarly unclear
as to whether the overall patterns and processes of refuges
can be applied outside of the small mammal context. Could
the boom period colonisation and bust period retreat of
some dryland plants be functionally analogous to the use of a
refuge, for example? We therefore encourage the refinement
of the refuge concept in light of global research across a
range of taxa.
VIII. CONCLUSIONS
(1) Refuges of dryland fauna are little known and available
information is disparate. In this review we have synthesised
available information and provided conceptual advances in
recognition and delineation of refuge types; application of
refuge ideas to boom–bust environments and the recognition
that not all refuges are fixed within the landscape; the variable
nature of refuges and the resulting biological consequences;
and the approaches needed to locate and manage refuges.
(2) A wide range of dryland-dwelling fauna with irruptive
population dynamics contract to refuges during the bust
phase of their population cycles. For dryland small mammals,
these refuges differ from the refugia occupied by fauna and
flora in response to changing climate in being occupied for
shorter timescales (months to years as opposed to millennia)
and being smaller in size.
(3) Irruptive small mammals may occupy refuges that are
relatively fixed in location or (more rarely) refuges as small as
groups of trees or shrubs that shift in suitability regularly at
short timescales of days or weeks. Available evidence suggests
that refuge type and usage patterns are species-specific. It
is possible that multiple species may share the same refuge
habitat if the ecology and environmental requirements of
the species overlap, but available evidence suggests that
this is rare. Three case studies of dryland rodent species
show variation across species in refuge location, occupancy
patterns and stability.
(4) Refuges are vital locations for the conservation
management of irruptive dryland mammals. It appears likely
that local populations of such irruptive species located outside
of refuges go extinct as the landscape dries following each
boom period. Therefore, refuges are the only locations
occupied by irruptive species for the duration of the
long bust periods. The small size of refuges makes them
highly vulnerable to threatening processes. Known and
potential threats to refuges include predation by introduced
carnivores, structural changes to the environment leading
to a reduction in availability of shelter and food, climate
change and stochastic factors resulting from the small size
and limited connectivity of the refuges.
(5) The small size and associated high vulnerability of
refuges, their species-specific nature, and their use by
globally threatened fauna such as the plains mouse and
central rock-rat make the identification of locations and
management of refuges of dryland fauna a high priority.
However, the information we summarise here indicates
that refuges comprise a small portion of the landscapes
they occupy and will not be detected during standardised
faunal surveys or, most likely, by remote-sensing methods.
Therefore, refuges need to be searched for using specific
approaches. Our three-step approach will maximise the
success of such targeted searches.
IX. ACKNOWLEDGEMENTS
We thank the Biodiversity Portfolio of CSIRO (especially
Andy Sheppard), Territory NRM and ACRIS for financial
support. C.R.D. thanks the Australian Research Council and
the Long Term Ecological Research Network for funding,
and Glenda Wardle and members of the Desert Ecology
Research Group for discussions. We are grateful to April
Reside for providing us with access to her unpublished species
distribution modelling. We thank two anonymous reviewers
for thoughtful and helpful critiques of this manuscript.
X. REFERENCES
Abbott, I. (2006). Mammalian faunal collapse in Western Australia, 1875–1925:
the hypothesised role of epizootic disease and a conceptual model of its origin,
introduction, transmission, and spread. Australian Zoologist 33, 530–561.
Atkinson, A., Hill, S. L., Barange, M., Pakhomov, E. A., Raubenheimer, D.,
Schmidt, K., Simpson, S. J. & Reiss, C. (2014). Sardine cycles, krill declines, and
locust plagues: revisiting ‘wasp-waist’ food webs. Trends in Ecology and Evolution 29,
309–316.
Ayyad, M. A. & Ghabbour, S. I. (1986). Hot deserts of Egypt and the Sudan. In Hot
Deserts and Arid Shrublands (Volume 12B, eds M. Evenari, I. Noy-Meir and D. W.
Goodall), pp. 149–202. Elsevier Science Publishers, Amsterdam.
Bahre, C. J. (1979). Destruction of the natural vegetation of north-central Chile.
University of California Publications in Geography 23, 1–118.
Berryman, A. A. & Hawkins, B. A. (2006). The refuge as an integrating concept in
ecology and evolution. Oikos 115, 192–196.
Brandle, R. & Moseby, K. E. (1999). Comparative ecology of two populations of
Pseudomys australis in northern South Australia. Wildlife Research 26, 541–564.
Brandle, R., Moseby, K. & Adams, M. (1999). The distribution, habitat
requirements and conservation status of the plains rat, Pseudomys australis (Rodentia:
Muridae). Wildlife Research 26, 463–477.
Biological Reviews (2015) 000–000 © 2015 Cambridge Philosophical Society
16 Chris R. Pavey and others
Brawata, R. & Neeman, T. (2011). Is water the key? Dingo management, intraguild
interactions and predator distribution around water points in arid Australia. Wildlife
Research 38, 426–436.
Breed, W. G. (1979). The reproductive rate of the hopping mouse Notomys alexis and
its ecological significance. Australian Journal of Zoology 27, 177–194.
Breed, W. G. (1990). Comparative studies on the timing of reproduction and foetal
number in six species of Australian conilurine rodents (Muridae: Hydromyinae).
Journal of Zoology (London) 221, 1–10.
Breed, W. G. (1992). Reproduction of the spinifex hopping mouse (Notomys alexis) in
the natural environment. Australian Journal of Zoology 40, 57–71.
Breed, W. G. & Leigh, C. M. (2011). Reproductive biology of an old endemic murid
rodent of Australia, the spinifex hopping mouse, Notomys alexis: adaptations for life
in the arid zone. Integrative Zoology 6, 321–333.
Burbidge, A. & Manly, B. (2002). Mammal extinctions on Australian islands: causes
and conservation implications. Journal of Biogeography 29, 465–473.
Burbidge, A. A., McKenzie, N. L., Chapman, A. & Lambert, P. M. (1976).
The wildlife of some existing and proposed reserves in the Great Victoria
and Gibson Deserts, Western Australia. Wildlife Research Bulletin Western Australia
5, 1–16.
Bykov, A., Shabanova, N. & Bukhareva, O. (2011). Distribution and survival of
the social vole in a clayey semidesert of the Trans-Volga region. Biology Bulletin 38,
957–961.
Cai, W., Wang, G., Santoso, A., McPhaden, M. J., Wu, L., Fei-Fei, J.,
Timmermann, A., Collins, M., Vecchi, G., Lengaigne, M., England, M. H.,
Dommenget, D., Takahashi, K. & Guilyardi, E. (2015). Increased frequency
of extreme La Nin˜a events under greenhouse warming. Nature Climate Change 5,
132–137. (doi: 10.1038/NCLIMATE2492).
Canty, P. (2012). Kowari Dasyuroides byrnei Spencer, 1896. In Queensland’s Threatened
Animals (eds L. K. Curtis, A. J. Dennis, K. R. McDonald, P. M. Kyne and S. J.
B. Debus), pp. 338–339. CSIRO Publishing, Melbourne.
Carstairs, J. L. (1974). The distribution of Rattus villosissimus (Waite) during plague
and non-plague years. Australian Wildlife Research 1, 95–106.
Chung-MacCoubrey, A., Bateman, H. L. & Finch, D. M. (2009). Captures of
Crawford’s gray shrews (Notiosorex crawfordi) along the Rio Grande in central New
Mexico. Western North American Naturalist 69, 260–263.
Cockburn, A. (1978). The distribution of Pseudomys shortridgei (Muridae: Rodentia)
and its relevance to that of other heathland Pseudomys. Australian Wildlife Research 5,
213–219.
Corbett, L. K. & Newsome, A. E. (1987). The feeding ecology of the dingo: III
dietary relationships with widely fluctuating prey populations in arid Australia: an
hypothesis of alternation of predation. Oecologia 74, 215–227.
Crawford, C. S. (1981). Biology of Desert Invertebrates. Springer-Verlag, Berlin.
D’Souza, J. B., Whittington, A., Dickman, C. R. & Leung, L. K.-P. (2013).
Perfect storm: demographic responses of an irruptive desert mammal to prescribed
burns following flooding rain. Austral Ecology 38, 765–776.
Davis, J., Pavlova, A., Thompson, R. & Sunnucks, P. (2013). Evolutionary refugia
and ecological refuges: key concepts for conserving Australian arid zone freshwater
biodiversity under climate change. Global Change Biology 19, 1970–1984.
Dean, W. R. J. (2004). Nomadic Desert Birds. Springer, Berlin.
Dickman, C. R., Greenville, A. C., Beh, C.-L., Tamayo, B. & Wardle, G. M.
(2010). Social organization and movements of desert rodents during population
‘‘booms’’ and ‘‘busts’’ in central Australia. Journal of Mammalogy 91, 798–810.
Dickman, C. R., Greenville, A. C., Tamayo, B. & Wardle, G. M. (2011). Spatial
dynamics of small mammals in central Australian desert habitats: the role of drought
refugia. Journal of Mammalogy 92, 1193–1209.
Dickman, C. R., Haythornthwaite, A. S., McNaught, G. H., Mahon, P. S.,
Tamayo, B. & Letnic, M. (2001). Population dynamics of three species of dasyurid
marsupials in arid central Australia: a 10-year study. Wildlife Research 28, 493–506.
Dickman, C. R., Mahon, P. S., Masters, P. & Gibson, D. F. (1999). Long-term
dynamics of rodent populations in arid Australia: the influence of rainfall. Wildlife
Research 26, 389–403.
Dickman, C. R., Predavec, M. & Downey, F. J. (1995). Long-range movements of
small mammals in arid Australia: implications for land management. Journal of Arid
Environments 31, 441–452.
Dickman, C. R., Pressey, R. L., Lim, L. & Parnaby, H. E. (1993). Mammals
of particular conservation concern in the Western division of New South Wales.
Biological Conservation 65, 219–248.
Dickman, C. R., Wardle, G. M., Foulkes, J. & de Preu, N. (2014). Desert complex
environments. In Biodiversity and Environmental Change: Monitoring, Challenges and Direction
(eds D. Lindenmayer, E. Burns, N. Thurgate and A. Lowe), pp. 379–438.
CSIRO Publishing, Melbourne.
Dobrowski, S. Z. (2011). A climatic basis for microrefugia: the influence of terrain
on climate. Global Change Biology 17, 1022–1035.
Edwards, G. (2013a). Relative abundance of the central rock-rat, the desert mouse
and the fat-tailed pseudantechinus in the west macdonnell ranges national park,
northern territory. Australian Mammalogy 35, 144–148.
Edwards, G. (2013b). Temporal analysis of the diet of the central rock-rat. Australian
Mammalogy 35, 43–48.
Elith, J., Graham, C., Anderson, R., Dudik, M., Ferrier, S., Guisan, A.,
Hijmans, R. J., Huettmann, F., Leathwick, J. R., Lehmann, A., Li, J.,
Lohmann, L. G., Loiselle, B. A., Manion, G., Moritz, C., Nakamura,
M., Nakazawa, Y., Peterson, A. T., Phillips, S. J., Richardson, K.,
Scachetti-Pereira, R., Schapire, R. E., Soberon, J., Williams, S., Wisz, M.
S. & Zimmermann, N. E. (2006). Novel methods improve prediction of species’
distributions from occurrence data. Ecography 29, 129–151.
Elith, J. & Leathwick, J. R. (2009). Species distribution models: ecological
explanation and prediction across space and time. Annual Review of Ecology, Evolution,
and Systematics 40, 677–697.
Elton, C. (1939). On the nature of cover. Journal of Wildlife Management 3, 332–338.
van Etten, E. J. B. (2009). Inter-annual rainfall variability of arid Australia: greater
than elsewhere? Australian Geographer 40, 109–120.
Fichet-Calvet, E., Jomaˆa, I., Ismail, R. B. & Ashford, R. W. (1999).
Reproduction and abundance of the fat sand rat (Psammomys obesus) in relation
to weather conditions in Tunisia. Journal of Zoology (London) 248, 15–26.
Finlayson, H. H. (1940). On central Australian mammals. Part 1. The Muridae.
Transactions of the Royal Society of South Australia 64, 125–136.
Frank, A. S. K., Dickman, C. R., Wardle, G. M. & Greenville, A. C. (2013).
Interactions of grazing history, cattle removal and time since rain drive divergent
short-term responses by desert biota. PLoS One 8, e68466.
Frank, A. S. K., Wardle, G. M., Dickman, C. R. & Greenville, A. C. (2014).
Habitat- and rainfall-dependent biodiversity responses to cattle removal in an arid
woodland-grassland environment. Ecological Applications 24, 2013–2028.
Free, C. L., Baxter, G. S., Dickman, C. R. & Leung, L. K.-P. (2013). Resource
pulses in desert river habitats: productivity-biodiversity hotspots, or mirages? PLoS
One 8, e72690.
Galpern, P., Peres-Neto, P. R., Polfus, J. & Manseau, M. (2014). MEMGENE:
spatial pattern detection in genetic distance data. Methods in Ecology and Evolution 5,
1116–1120.
Geiser, F. & Pavey, C. R. (2007). Basking and torpor in a rock-dwelling desert
marsupial: survival strategies in a resource-poor environment. Journal of Comparative
Physiology B 177, 885–892.
Green, P. T. (2014). Mammal extinction by introduced infectious disease on Christmas
Island (Indian Ocean): the historical context. Australian Zoologist 37, 1–14.
Greenville, A. C., Dickman, C. R., Wardle, G. M. & Letnic, M. (2009). The
fire history of an arid grassland: the influence of antecedent rainfall and ENSO.
International Journal of Wildland Fire 18, 631–639.
Greenville, A. C., Wardle, G. M. & Dickman, C. R. (2012). Extreme climatic
events drive mammal irruptions: regression analysis of 100-year trends in desert
rainfall and temperature. Ecology and Evolution 2, 2645–2658.
Greenville, A. C., Wardle, G. M. & Dickman, C. R. (2013). Extreme rainfall
events predict irruptions of rat plagues in central Australia. Austral Ecology 38,
754–764.
Griffin, M. (1990). A review of taxonomy and ecology of gerbilline rodents of the
central Namib Desert, with keys to the species (Rodentia: Muridae). In Namib
Ecology: 25 Years of Namib Research (ed. M. K. Seely), pp. 83–98. Transvaal Museum,
Pretoria.
Healy, M.-A. (ed.) (2015). It’s Hot and Getting Hotter. Australian Rangelands and Climate
Change – Reports of the Rangelands Cluster Project. Ninti One Limited and CSIRO, Alice
Springs.
Hillman, S. C., Withers, P. C., Drewes, R. C. & Hillyard, S. D. (2009). Ecological
and Environmental Physiology of Amphibians. Oxford University Press, Oxford.
Jaksic, F. M., Silva, S. I., Meserve, P. L. & Gutie´rrez, J. R. (1997). A long-term
study of vertebrate predator responses to an El Nin˜o (ENSO) disturbance in western
South America. Oikos 78, 341–354.
Johnson, C. (2006). Australia’s Mammal Extinctions: A 50,000 Year History. Cambridge
University Press, Melbourne.
Keppel, G., Van Niel, K. P., Wardell-Johnson, G. W., Yates, C. J., Byrne, M.,
Mucina, L., Schut, A. G. T., Hopper, S. D. & Franklin, S. E. (2012). Refugia:
identifying and understanding safe havens for biodiversity under climate change.
Global Ecology and Biogeography 21, 393–404.
Kinnear, J., Onus, M. & Bromilow, R. (1988). Fox control and rock-wallaby
population dynamics. Australian Wildlife Research 15, 435–450.
Ko¨rtner, G., Pavey, C. R. & Geiser, F. (2007). Spatial ecology of the mulgara
(Marsupialia: Dasyuridae) in arid Australia: impact of fire history. Journal of Zoology
(London) 273, 350–357.
Ko¨rtner, G., Pavey, C. R. & Geiser, F. (2008). Thermal biology, torpor, and
activity in free-living mulgaras in arid zone Australia during the winter reproductive
season. Physiological and Biochemical Zoology 81, 442–451.
Kutt, A. (2012). Feral cat (Felis catus) prey size and selectivity in north-eastern Australia:
implications for mammal conservation. Journal of Zoology (London) 287, 292–300.
Lacy, R. C. & Horner, B. E. (1997). Effects of inbreeding on reproduction and sex
ratio of Rattus villosissimus. Journal of Mammalogy 78, 877–887.
Letnic, M. & Dickman, C. R. (2010). Resource pulses and mammalian dynamics:
conceptual models for hummock grasslands and other Australian desert habitats.
Biological Reviews 85, 501–521.
Biological Reviews (2015) 000–000 © 2015 Cambridge Philosophical Society
Mammal refuges in drylands 17
Letnic, M., Ritchie, E. G. & Dickman, C. R. (2012). Top predators as biodiversity
regulators: the dingo Canis lupus dingo as a case study. Biological Reviews 87, 390–413.
Letnic, M., Tamayo, B. & Dickman, C. R. (2005). The responses of mammals to
La Nin˜a (El Nin˜o Southern Oscillation)-associated rainfall, predation, and wildlife
in central Australia. Journal of Mammalogy 86, 689–703.
Letnic, M., Tischler, M. & Gordon, C. (2013). Desert small mammal responses
to wildfire and predation in the aftermath of a La Nin˜a driven resource pulse. Austral
Ecology 38, 841–849.
Li, B., Belasen, A., Pafilis, P., Bednekoff, P. & Foufopoulos, J. (2014). Effects
of feral cats on the evolution of anti-predator behaviours in island reptiles: insights
from an ancient introduction. Proceedings of the Royal Society of London Series B: Biological
Sciences 281, 20140339.
Lim, L. (1998). Kowari recovery plan. Project no. 186. Final report: research
phase. Australian Nature Conservation Agency, Canberra, and Department of
Environment and Heritage, Brisbane.
Lima, M., Stenseth, N. C., Yoccoz, N. G. & Jaksic, F. M. (2001). Demography
and population dynamics of the mouse opossum (Thylamys elegans) in semi-arid Chile:
seasonality, feedback structure and climate. Proceedings of the Royal Society of London
Series B: Biological Sciences 268, 2053–2064.
Lister, A. M. (2004). The impact of Quaternary ice ages on mammalian evolution.
Philosophical Transactions of the Royal Society of London, Series B: Biological Sciences 359,
221–241.
Lockwood, J. A. & DeBrey, L. D. (1990). A solution for the sudden and unexplained
extinction of the Rocky Mountain grasshopper (Orthoptera: Acrididae). Environmental
Entomology 19, 1194–1205.
Luck, G. W. (2002). The habitat requirements of the rufous treecreeper (Climacteris
rufa). 2. Validating predictive habitat models. Biological Conservation 105, 395–403.
Ludwig, J. A., Wilcox, B. P., Breshears, D. D., Tongway, D. J. & Imeson,
A. C. (2005). Vegetation patches and runoff-erosion as interacting ecohydrological
processes in semiarid landscapes. Ecology 86, 288–297.
Lunney, D. (2001). Causes of the extinction of native mammals of the Western
division of New South Wales: an ecological interpretation of the nineteenth century
historical record. The Rangeland Journal 23, 44–70.
Mackenzie, D. I., Nichols, J. D., Lachman, G. B., Droege, S., Royle, J.
A. & Langtimm, C. A. (2002). Estimating site occupancy rates when detection
probabilities are less than one. Ecology 83, 2248–2255.
Mackey, B., Berry, S., Hugh, S., Ferrier, S., Harwood, T. D. & Williams, K. J.
(2012). Ecosystem greenspots: identifying potential drought, fire, and climate-change
micro-refuges. Ecological Applications 22, 1852–1864.
Masters, P. (1993). The effects of fire-driven succession and rainfall on small mammals
in spinifex grassland at Uluru National Park, Northern Territory. Wildlife Research
20, 803–813.
McDonald, P. J., Brittingham, R., Nano, C. E. M. & Paltridge, R. (2015a). A
new population of the critically endangered central rock-rat Zyzomys pedunculatus
discovered in the Northern Territory. Australian Mammalogy 37, 97–100 (doi:
10.1071/AM14012).
McDonald, P. J., Griffiths, A. D., Nano, C. E. M., Dickman, C. R., Ward,
S. J. & Luck, G. W. (2015b). Landscape-scale factors determine occupancy of
the critically endangered central rock-rat in arid Australia: the utility of camera
trapping. Biological Conservation 191, 93–100.
McDonald, P. J. & Pavey, C. R. (2014). Exploiting boom times. Southern Boobook
owl Ninox novaeseelandiae diet during a rodent irruption in central Australia. Australian
Zoologist 37, 234–237.
McDonald, P. J., Pavey, C. R., Knights, K., Grantham, D., Ward, S. J. &
Nano, C. E. M. (2013). Extant population of the critically endangered central
rock-rat Zyzomys pedunculatus located in the Northern Territory, Australia. Oryx 47,
303–306.
McGregor, H. W., Legge, S., Jones, M. E. & Johnson, C. N. (2014). Landscape
management of fire and grazing regimes alters the fine-scale habitat utilisation by
feral cats. PLoS One 9, e109097.
McKenzie, N. L., Burbidge, A. A., Baynes, A., Brereton, R. N., Dickman, C. R.,
Gordon, G., Gibson, L. A., Menkhorst, P. W., Robinson, A. C., Williams,
M. R. & Woinarski, J. C. Z. (2007). Analysis of factors implicated in the recent
decline of Australia’s mammal fauna. Journal of Biogeography 34, 597–611.
McKenzie, N. L., Hall, N. & Muir, W. P. (2000). Non-volant mammals of the
southern Carnarvon Basin, Western Australia. Records of the Western Australian Museum,
Supplement 61, 479–510.
Meserve, P. L., Kelt, D. A., Previtali, A., Milstead, W. B. & Gutie´rrez, J.
R. (2011). Global climate change and small mammal populations in north-central
Chile. Journal of Mammalogy 92, 1223–1235.
Mifsud, G. & Woolley, P. A. (2012). Predation of the Julia Creek dunnart (Sminthopsis
douglasi) and other native fauna by cats and foxes on Mitchell grass downs in
Queensland. Australian Mammalogy 34, 188–195.
Milstead, W. B., Meserve, P. L., Campanella, A., Previtali, M. A., Kelt, D.
A. & Gutie´rrez, J. R. (2007). Spatial ecology of small mammals in north-central
Chile: role of precipitation and refuges. Journal of Mammalogy 88, 1532–1538.
Morton, S. R. (1990). The impact of European settlement on the vertebrate animals
of arid Australia: a conceptual model. Proceedings of the Ecological Society of Australia 16,
201–213.
Morton, S. R. & Baynes, A. (1985). Small mammal assemblages in arid Australia: a
reappraisal. Australian Mammalogy 8, 159–169.
Morton, S. R., Stafford Smith, D. M., Friedel, M. H., Griffin, G. F. & Pickup,
G. (1995). The stewardship of arid Australia: ecology and landscape management.
Journal of Environmental Management 43, 195–217.
Moseby, K., Hill, B. & Read, J. (2009). Arid recovery – a comparison of reptile
and small mammal populations inside and outside a large rabbit, cat and fox-proof
exclosure in arid South Australia. Austral Ecology 34, 156–169.
Moseby, K. E., Owens, H., Brandle, R., Bice, J. K. & Gates, J. (2006). Variation
in population dynamics and movement patterns between two geographically isolated
populations of the dusky hopping mouse (Notomys fuscus). Wildlife Research 33,
222–232.
Murray, B. R. & Dickman, C. R. (1994). Granivory and microhabitat use in
Australian desert rodents: are seeds important? Oecologia 99, 216–225.
Murray, B. R., Dickman, C. R., Watts, C. H. S. & Morton, S. R. (1999). The
dietary ecology of Australian desert rodents. Wildlife Research 26, 421–437.
Nano, T. (2008). Central rock-rat Zyzomys pedunculatus. In The Mammals of Australia.
Third Edition (, eds S. Van Dyck and R. Strahan), pp. 658–660. Reed New
Holland, Sydney.
Nano, C. E. M. & Pavey, C. R. (2013). Refining the ‘pulse-reserve’ model for arid
central Australia: seasonal rainfall, soil moisture, and plant productivity in sand
ridge and stony plain habitats of the Simpson Desert, Australia. Austral Ecology 38,
741–753.
Nano, T. J., Smith, C. M. & Jefferys, E. (2003). Investigation into the diet of the
central rock-rat (Zyzomys pedunculatus). Wildlife Research 30, 513–518.
Naumov, N. (1975). The role of rodents in ecosystems of the northern deserts of
Eurasia. In Small Mammals: Their Productivity and Population Dynamics (eds F. B. Golley,
K. Petrusewicz and L. Ryszkowski), pp. 299–311. Cambridge University Press,
Cambridge.
Nekola, J. C. (1999). Paleorefugia and neorefugia: the influence of colonization
history on community pattern and process. Ecology 80, 2459–2473.
Newsome, A. E. & Corbett, L. K. (1975). Outbreaks of rodents in semi-arid and arid
Australia: causes, preventions and evolutionary considerations. In Rodents in Desert
Environments (eds I. Prakash and P. K. Ghosh), pp. 117–153. Junk, The Hague.
Ostfeld, R. S. & Keesing, F. (2000). Pulsed resources and community dynamics
of consumers in terrestrial ecosystems. Trends in Ecology and Evolution 15,
232–237.
Owen-Smith, N. (2008). The refuge concept extends to plants as well: storage, buffers
and regrowth in variable environments. Oikos 117, 481–483.
Pastro, L. A., Dickman, C. R. & Letnic, M. (2011). Burning for biodiversity or
burning biodiversity? Prescribed burn vs. wildfire impacts on plants, lizards, and
mammals. Ecological Applications 21, 3238–3253.
Pavey, C. R., Cole, J. R., McDonald, P. J. & Nano, C. E. M. (2014a). Population
dynamics and spatial ecology of a declining desert rodent Pseudomys australis: the
importance of refuges for persistence. Journal of Mammalogy 95, 615–625.
Pavey, C. R., Eldridge, S. R. & Heywood, M. (2008a). Population dynamics and
prey selection of native and introduced predators during a rodent outbreak in arid
Australia. Journal of Mammalogy 89, 674–683.
Pavey, C. R., Gorman, J. & Heywood, M. (2008b). Dietary overlap between the
nocturnal letter-winged kite Elanus scriptus and barn owl Tyto alba during a rodent
outbreak in arid Australia. Journal of Arid Environments 72, 2282–2286.
Pavey, C. R. & Nano, C. E. M. (2013). Changes in richness and abundance of rodents
and native predators in response to extreme rainfall in arid Australia. Austral Ecology
38, 777–785.
Pavey, C. R., Nano, C. E. M., Cole, J. R., McDonald, P. J., Nunn, P., Silcocks,
A. & Clarke, R. H. (2014b). The breeding and foraging ecology and abundance
of the princess parrot, Polytelis alexandrae, during a population irruption. Emu 114,
106–115.
Phillips, S. J. & Dudik, M. (2008). Modeling of species distributions with Maxent:
new extensions and a comprehensive evaluation. Ecography 31, 161–175.
Plomley, N. J. B. (1972). Some notes on plagues of small mammals in Australia.
Journal of Natural History 6, 363–384.
Predavec, M. (1994). Population dynamics and environmental changes during natural
irruptions of Australian desert rodents. Wildlife Research 21, 569–582.
Predavec, M. & Dickman, C. R. (1994). Population dynamics and habitat use of the
long-haired rat (Rattus villosissimus) in south-western Queensland. Wildlife Research 21,
1–10.
Previtali, M. A., Lima, M., Meserve, P. L., Kelt, D. A. & Gutie´rrez, J. R. (2009).
Population dynamics of two sympatric rodent species in a variable environment:
rainfall, resource availability, and predation. Ecology 90, 1996–2006.
Reside, A., VanDerWal, J., Philips, B., Shoo, L., Rosauer, D., Anderson,
B., Welbergen, J., Moritz, C., Ferrier, S., Harwood, T., Williams, K.,
Mackey, B., Hugh, S., Williams, Y. & Williams, S. (2013). Climate Change
Refugia for Terrestrial Biodiversity: Defining Areas that Promote Species Persistence and Ecosystem
Biological Reviews (2015) 000–000 © 2015 Cambridge Philosophical Society
18 Chris R. Pavey and others
Resilience in the Face of Global Climate Change. National Climate Change Adaptation
Research Facility, Gold Coast.
Ricci, S. (2003). Population dynamics and trophic ecology of two species of Australian desert
rodents. PhD Thesis: University of Sydney, Sydney.
Robinson, N. M., Leonard, S. W. J., Ritchie, E. G., Bassett, M., Chia, E. K.,
Buckingham, S., Gibb, H., Bennett, A. F. & Clarke, M. F. (2013). Refuges for
fauna in fire-prone landscapes. Journal of Applied Ecology 50, 1321–1329.
Seely, M. & Pallett, J. (2008). Namib: Secrets of a Desert Uncovered. Venture Publications,
Windhoek.
Shenbrot, G. (2014). Population and community dynamics and habitat selection of
rodents in complex desert landscapes. Mammalia 78, 1–10.
Smith, A. P. & Quin, D. G. (1996). Patterns and causes of extinction and decline in
Australian conilurine rodents. Biological Conservation 77, 243–267.
Smith, J. R., Watts, C. H. S. & Crichton, E. G. (1972). Reproduction in the
Australian desert rodents Notomys alexis and Pseudomys australis. Australian Mammalogy
1, 1–7.
Southgate, R. & Masters, P. (1996). Fluctuations of rodent populations in response
to rainfall and fire in a central Australian hummock grassland dominated by
Plectrachne schinzii. Wildlife Research 23, 289–303.
Spencer, E. E., Crowther, M. S. & Dickman, C. R. (2014a). Diet and prey
selectivity of three species of sympatric mammalian predators in central Australia.
Journal of Mammalogy 95, 1278–1288.
Spencer, E. E., Crowther, M. S. & Dickman, C. R. (2014b). Risky business: do
native rodents use habitat and odor cues to manage predation risk in Australian
deserts? PLoS One 9, e90566.
Stanley, M. (1971). An ethogram of the hopping mouse, Notomys alexis. Zeitschrift fu¨r
Tierpsychologie 29, 225–258.
Stewart, J. R., Lister, A. M., Barnes, I. & Dale´n, L. (2010). Refugia revisited:
individualistic responses of species in space and time. Proceedings of the Royal Society of
London Series B: Biological Sciences 277, 661–671.
Tischler, M. (2011). Responses of birds to habitat and resource pulses in the simpson desert,
central Australia. PhD Thesis: University of Sydney, Sydney.
Tischler, M., Dickman, C. R. & Wardle, G. M. (2013). Avian functional group
responses to rainfall across four vegetation types in the Simpson Desert, central
Australia. Austral Ecology 38, 809–819.
Tripathi, R. S. (2005). Reproduction in desert rodents. In Changing Faunal Ecology in the
Thar Desert (eds B. K. Tyagi and Q. H. Baqri), pp. 289–304. Scientific Publishers,
Jodhpur.
Turner, D., Ostendorf, B. & Lewis, M. (2008). An introduction to patterns of fire
in arid and semi-arid Australia, 1998–2004. The Rangeland Journal 30, 95–107.
Warner, T. T. (2004). Desert Meteorology. Cambridge University Press, Cambridge.
Watts, C. H. S. & Aslin, H. J. (1981). The Rodents of Australia. Angus & Robertson,
Sydney.
Whitford, W. G. (1995). Desertification: implications and limitations of the ecosystem
health metaphor. In Evaluating and Monitoring the Health of Large Scale Ecosystems (eds D.
J. Rapport, C. L. Gaudet and P. Calow), pp. 273–293. Springer-Verlag, Berlin.
Woinarski, J. C. Z., Burbidge, A. A. & Harrison, P. L. (2014). The Action Plan for
Australian Mammals 2012. CSIRO Publishing, Melbourne.
Yang, L. H., Bastow, J. L., Spence, K. O. & Wright, A. N. (2008). What can we
learn from resource pulses? Ecology 89, 621–634.
Yang, L. H., Edwards, K. F., Byrnes, J. E., Bastow, J. L., Wright, A. N. &
Spence, K. O. (2010). A meta-analysis of resource pulse-consumer interactions.
Ecological Monographs 80, 125–151.
(Received 4 May 2015; revised 11 November 2015; accepted 12 November 2015 )
Biological Reviews (2015) 000–000 © 2015 Cambridge Philosophical Society
Appendices 
191 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 2: Young L.I., Dickman C.R., Addison, J., Pavey, C.R. 2017. Spatial ecology and 
shelter resources of a threatened desert rodent (Pseudomys australis) in refuge habitat. 
Journal of Mammalogy, 98:1604-1614 
1604
Spatial ecology and shelter resources of a threatened desert rodent 
(Pseudomys australis) in refuge habitat
Lauren I. Young,* ChrIstopher r. DICkman, Jane aDDIson, anD ChrIs r. paveY
Desert Ecology Research Group, School of Life and Environmental Sciences, The University of Sydney, Sydney, New South Wales 
2006, Australia (LIY, CRD)
CSIRO Land and Water, Private Mail Bag 44, Winnellie Northern Territory 0822, Australia (LIY, CRP)
College of Business, Law and Governance, James Cook University, 1 James Cook Drive, Townsville, Queensland 4811, Australia 
(JA)
CSIRO Land and Water, Building 145, James Cook University, James Cook Drive, Townsville, Queensland 4811, Australia (JA)
* Correspondent: lauren.i.young@sydney.edu.au
Our study builds on recent research on the role of drought refuges in facilitating the persistence of arid-dwelling 
rodents during extended dry periods by characterizing the spatial ecology and shelter use of the plains mouse, 
Pseudomys australis, a threatened Australian desert rodent that uses refuges. We radiotracked 18 P. australis in 
the western Simpson Desert, Australia, during November 2014 and May 2015, when individuals were expected 
to be confined to cracking clay refuge habitat. We also measured the dimensions (length, width, and perceived 
vertical depth) of shelter sites used by tracked individuals. A sufficient number of fixes (range = 17–64) for 
home range calculation by kernel density estimation was obtained for 11 of the 18 tracked individuals. Total 
ranges were calculated at the 90% isopleth and core areas at the 50% isopleth. The tracked animals occupied 
small home ranges (1.35 ± 0.56 ha) within cracking clay refuge habitat for the duration of the study. Individuals 
occupied distinct core areas, which were just 22.57 ± 1.54% the area of the total home ranges and centered 
on 1–2 frequently used burrows. Overlaps in total ranges and some burrow sharing were observed between 
neighboring individuals; however, core areas overlapped between only 1 pair of animals, suggesting that some 
group structuring may occur in P. australis refuge populations. Cracks used by tracked individuals were wider 
and deeper than burrows. Our study found that the short-term home ranges of the radiotracked P. australis during 
a dry period were situated entirely within cracking clay refuge habitat, and that shelter resources, and potentially 
social structuring, influence the use of space by this species.
Key words:  arid, burrow, home range, irruptive, resource availability
The use of space and habitat by small mammals is driven by 
both intrinsic factors, including reproduction and social struc-
ture, and extrinsic factors, such as resource availability. The 
mating system and tolerance of conspecifics can influence the 
distribution of individual home ranges, which may change with 
reproductive condition. For example, home ranges may expand 
during the breeding season to meet increased energy demands 
and to increase the likelihood of access to mates (Cooper and 
Randall 2007; Wang et al. 2011). Home ranges may be situated 
in areas of high food abundance and quality, and shift in relation 
to changes in resource availability (Harris and Leitner 2004; 
Quirici et al. 2010). In turn, animals may focus their use of space 
on a core area within a home range where food resources (Rader 
and Krockenberger 2006), shelter resources (Anstee et al. 1997; 
Asher et al. 2004), or both (Eccard et al. 2004) are concentrated. 
Thus, the distribution of both conspecifics and resources within 
an individual’s home range will influence their use of space.
Recent attention has focused on the role of refuges in the 
persistence of small mammals, especially those in arid and 
semi-arid regions (Milstead et al. 2007; Pavey et al. 2014). In 
these regions, periods of low resource abundance are typically 
associated with extended periods of low rainfall. Refuges are 
discrete parts of the landscape that provide a more consistent 
supply of food and shelter resources than the surrounding land-
scape and thereby support population persistence during low 
resource times (Milstead et al. 2007; Letnic and Dickman 2010; 
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Pavey et al. 2017). Recent studies indicate that refuge use is a 
feature of small mammals with irruptive population dynamics 
(Pavey et al. 2017). In these species, populations undergo sub-
stantial increases, both numerically and spatially, in response to 
resource pulses following periods of high rainfall, and persist at 
low levels throughout the extended dry periods (Gutierrez et al. 
2010; Greenville et al. 2012; Pavey and Nano 2013).
Refuge use by arid-dwelling small mammals has been stud-
ied most notably in Australian rodents (McDonald et al. 2013; 
Pavey et al. 2014, 2017). Interest in these rodents has been long 
standing owing to the strongly irruptive nature of many species 
and the dramatic peaks and troughs in their numbers (Finlayson 
1939; Plomley 1972; Dickman et al. 1999). While populations 
are known to contract spatially to core habitat during dry peri-
ods, it is unclear whether, at the individual level, there is move-
ment between refuge populations or whether animals use the 
refuges predominantly for shelter and then forage in adjacent 
habitat. Understanding the dynamics and connectivity of ref-
uges will allow greater understanding of whether refuges con-
sist of individual habitat patches or a collection of connected 
habitat patches. This, in addition to a greater understanding of 
the key habitat characteristics of refuges, will provide deeper 
insight into how refuges function and help to identify addi-
tional potential refuges throughout species’ ranges and develop 
effective management strategies.
The plains mouse, Pseudomys australis (40–60 g), is an ideal 
species for exploring the role of conspecifics and resources in 
the spatial and temporal dynamics of drought refuges. This noc-
turnal, threatened species occupies cracking clay refuges in the 
stony deserts of central and southern Australia (Brandle et al. 
1999; Pavey et al. 2014). Cracking clay habitats in this region 
occur as relatively small patches interspersed within broader 
stony plain habitats and can support high numbers of P. aus-
tralis within relatively small areas (Pavey et al. 2014). These 
cracking clay habitats are characterized by sparse perennial 
vegetation cover and friable, deep cracking clay soils that pro-
vide shelter in the form of cracks (Brandle and Moseby 1999). 
These cracks are likely to be used as shelter sites more often 
than burrows due to the probably high costs of constructing 
burrows in clay soils. The suitability of cracks as shelter sites 
also is likely to be driven by size, and therefore limited in avail-
ability in this habitat, which will drive fidelity to shelter sites.
Pseudomys australis is a highly social species, but tolerance 
of conspecifics appears to vary according to whether P. austra-
lis is breeding (Watts and Aslin 1981). This tolerance, together 
with resource availability, may drive the ecology of the species 
in refuges, with high overlap expected between individual home 
ranges; in fact, burrow sharing among multiple individuals (up to 
22 individuals in 1 burrow) has been recorded (Watts and Aslin 
1981). However, the physical characteristics of shelter sites and 
how they are used by individuals need to be confirmed to inform 
management and improve conservation outcomes for this threat-
ened species.
Here, we focus on the spatial ecology of P. australis during 
a dry period when the majority of individuals were expected 
to be confined to cracking clay refuges. More specifically, we 
aimed to understand how individuals were using the cracking 
clay refuges and to what degree their activity was confined to 
this habitat. Based on previous observations, we predicted that:
1)  Individuals will occupy small home ranges and show a strong pref-
erence for cracking clay habitat.
2)  There will be high overlap between home ranges of neighboring in-
dividuals.
3)  Individuals will use soil cracks for both short-term shelter and 
longer-term burrows.
4)  Individuals will show high fidelity to a small number of shelter 
sites.
Materials and Methods
Study sites.—This study was undertaken at Andado Station, 
a pastoral property on the western edge of the Simpson Desert 
in the Northern Territory, Australia (Fig. 1A and 1B; 25°41′S, 
135°29′E). The ~800-km2 study area was situated in a landscape 
comprised of stony plains with lower-lying areas of cracking 
clay interspersed by isolated sand dunes (Fig. 1C). These stony 
plain and cracking clay habitats are characterized by a sparse 
cover of chenopod shrubs (Atriplex spp., Sclerolaena spp., and 
Maireana aphylla), and ephemeral grasses and forbs that ger-
minate following rainfall. Vegetation cover at all sites at the 
time of radiotracking was low (< 10%). Radiotracking was 
undertaken in 3 sites based on the known occurrence of P. aus-
tralis (Fig. 1B) established as part of broader trapping surveys 
or identified by Pavey et al. (2014). All sites were within crack-
ing clay habitat and were between 200 m and 1 km from a dif-
ferent habitat type, typically stony plain (small rocks embedded 
in a heavy loam substrate).
Average annual rainfall between 1951 and 2016 at the 
Andado homestead, approximately 30 km southwest of the 
study area, is 130.5 mm, with a bias from November to March 
(Bureau of Meteorology 2016). However, rainfall records 
for Andado are incomplete and more complete records from 
Mt Dare, approximately 100 km south of the study area, show 
an annual average rainfall of 164.1 mm between 1950 and 2016 
(Bureau of Meteorology 2016). Mean minimum temperatures 
at Alice Springs Airport, the closest weather station to the study 
sites recording temperature (~200 km northwest), range from 
4.9°C in July to 22.1°C in January, and mean maximum tem-
peratures range from 19.7°C in July to 36.3°C in January.
Radiotracking was undertaken during spring in 2014 
(November) and autumn in 2015 (May) to obtain data during dif-
ferent climatic conditions. In the 12 months prior to the November 
2014 tracking period, 96 mm of rain was recorded at Andado 
Station; a further 148.2 mm was recorded between the November 
2014 and May 2015 tracking periods (Bureau of Meteorology 
2016). Although rainfall between November 2014 and May 2015 
was slightly higher than average, it was still much lower than the 
amount of rain needed to trigger a resource pulse and associated 
population irruption in P. australis and also followed a period 
of rainfall deficit. Following the definition of Nano and Pavey 
(2013), a dry (or normal) year can be defined as experiencing < 
350 mm rainfall. Years with > 350 mm of rainfall, or non-arid 
years, experience seasonal nuances and temporally connected 
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rainfall events, which promote species irruptions (Nano and Pavey 
2013; Pavey and Nano 2013). No rainfall was recorded at Andado 
while tracking was being undertaken (Bureau of Meteorology 
2016). In November 2014, temperatures ranged from a minimum 
of 14.2°C to a maximum of 44.9°C at Alice Springs Airport, and 
in May 2015, the temperature ranged from a minimum of −1.6°C 
to a maximum of 32.8°C (Bureau of Meteorology 2016).
Trapping.—Trapping (and all other procedures) was under-
taken in accordance with the American Society of Mammalogists 
guidelines (Sikes et al. 2016) and was approved by the University 
of Sydney Animal Ethics Committee (approval no. 2014/584). 
Animals for radiotracking were captured in aluminum box traps 
(Elliott Type A, 30 × 10 × 10 cm; Elliott Scientific, Upwey, 
Victoria, Australia) placed along transects at 20-m spacing in 
cracking clay habitat. Transects at site 1 (Fig. 1C) were placed 
on the edge of the cracking clay habitat to investigate how read-
ily P. australis would use adjacent habitat. However, no P. aus-
tralis were trapped here in 50 trap nights, and transects therefore 
were moved further into the cracking clay habitat. There were 2 
transects per site, each comprising 25 traps set at 20-m spacing, 
and each trap was baited with a mixture of peanut butter and 
rolled oats. During May, polyester fiber was provided in traps 
to protect animals against the cold. Traps were set at sunset, 
checked, and closed at sunrise. For all animals trapped, species, 
sex, body mass (g), and reproductive condition were recorded. 
Those animals with a body mass above 30 g, excluding pregnant 
females, were taken back to the field camp and kept in a cool, 
dark, quiet place until attachment of a radiotransmitter. Animals 
were always kept in a shady area. If temperatures during the day 
were high, wet cloths were placed over the holding facility to 
decrease the temperature and increase humidity.
Radiotracking.—Single-stage VHF transmitters (Sirtrack 
Lite, 1.5 and 1.7 g, Sirtrack, Havelock North, New Zealand), 
consisting of a radiotransmitter attached to a cable tie collar, 
were fitted to animals with body mass > 30 g for the 1.5-g col-
lars and > 35 g body mass for the 1.7-g collars, so that collar 
weight represented < 5% of body mass, as recommended by 
Sikes et al. (2016). Collared individuals were all individually 
ear-clipped for future identification. Animals were collared an 
hour before sunset and were held for an hour to ensure suc-
cessful attachment. Animals then were released at the point of 
capture. No animals showed detrimental effects of collar attach-
ment. There were 6 occasions when a functioning radiotrans-
mitter could not be found to obtain a fix but was located at a 
subsequent time. After tracking was completed, animals were 
recaptured for collar removal by targeted trapping around the 
burrows or cracks to which they had been tracked. Of the 18 
radiotransmitters deployed, 9 were retrieved, 3 came off animals 
while underground (animals were later caught and identified by 
individual ear-clips), 2 ceased functioning after deployment (as 
evidenced by an increasingly weak signal), and 4 could not be 
retrieved despite targeted and intensive trapping efforts.
Animals were tracked using a Sirtrack Ultra receiver and 
Yagi directional antenna. Fixes were taken using a GPS 
Fig. 1.—The location of A) the Simpson Desert (dark gray shading), Australia, B) Andado Station, Northern Territory, Australia (light gray 
 shading), and C) the radiotelemetry study sites (circles) within cracking clay habitats (hatched lines) mapped by Kennedy and Sugars (2001).
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(Garmin GPSmap 62S). We took fixes every 3–4 h during the 
duration of each tracking night between 18:00 and 06:00 h. The 
spacing of fix times was chosen both to minimize disturbance 
to tracked animals and reduce autocorrelation of fixes. As work 
was undertaken at night with cattle walking through the area, 
headlamps were used. Radiotracked individuals occasionally 
responded to the light by stopping and looking towards the 
observer. Although this is not ideal, it was necessary to ensure 
the safety of observers. During the November 2014 tracking, 
the 06:00 h tracking occurred after sunrise, which occurred 
between 05:30 and 05:41 h, and the 18:00 h tracking before 
sunset, which occurred between 18:44 and 19:03 h (Geoscience 
Australia 2016). During May 2015, most evening fixes were 
taken after sunset, which occurred between 18:56 and 19:03 h, 
and morning fixes were taken after sunrise, which occurred 
between 05:48 and 05:55 h (Geoscience Australia 2016). As 
the collars had low range (generally ≤ 100 m and occasion-
ally < 20 m) and we wanted to assess shelter resources used 
by P. australis, we tracked animals directly to the burrow or 
crack that they occupied or took a fix where they were observed 
above ground. Animals appeared not to move very far when 
approached within ~10 m at night, which was close enough 
for the observer to confirm that the animal was collared. Fixes 
were taken at the point each animal was observed after it had 
moved away.
The type of shelter (crack, burrow, or observed above 
ground) used by each animal was recorded and, for cracks and 
burrows, the width, length, and depth were measured by day. 
Depth was measured as perceived vertical depth; i.e., the great-
est depth that a measuring device could be inserted into the 
burrow or crack perpendicular to the ground surface, for con-
sistency between different shelter types. Width and length were 
measured at the widest and longest point of the crack, respec-
tively, at the ground surface for consistency of measurement. 
Individuals were recorded as being in a burrow, as opposed to a 
crack or above ground, when there was a clear burrow entrance 
and evidence of excavation present. Pseudomys australis bur-
rows can be identified by a round exit hole approximately 
3–4 cm diameter, with a small spoil heap adjacent (Brandle and 
Moseby 1999).
Statistical analyses.—Average linear distance and time 
between consecutive nighttime fixes (fix interval) were cal-
culated. Spearman’s rank correlation was used to determine 
if there was a dependency of distance between consecutive 
fixes and fix interval. To determine the occurrence of day-
time movements, we calculated the linear distance between 
fixes taken after sunrise, when animals were expected to be in 
their day burrows, and before sunset, before animals left their 
day burrows. Pairs of fixes where 1 or both fixes were taken 
before sunrise or after sunset were excluded from the analy-
sis of daytime movement. Only 3 pairs of fixes from May 
2015 fitted these parameters, therefore only daytime move-
ments during November 2014 were assessed. Differences in 
maximum and average linear distances between fixes taken 
at night between seasons and sexes were analyzed using 
Kruskal–Wallis tests.
Home ranges reported here are short-term ranges due to the 
short life-span of the transmitters used (~30 days). Home ranges 
were estimated using the minimum convex polygon (MCP) 
and kernel density estimation (KDE) methods in Geospatial 
Modelling Environment (Beyer 2012) and then mapped using 
ArcMap 10.1. The MCP method relies on points taken on the 
periphery of the distribution and does not take into account 
the distribution of points within this area. The KDE method 
is more informative than MCP as it gives a probability-density 
estimate of intensity of use within the home range, which forms 
a basis for further investigation of habitat use and preference 
(Silverman 1986; Seaman and Powell 1996).
Incremental analysis of home range size (ha), estimated by 
plotting the MCP estimate against the number of fixes taken, 
was used to determine if asymptotic MCP home range size was 
reached during the study period. A Spearman’s rank correlation 
was then used to correlate 100% MCP home range size (MCP 
using 100% of the fixes obtained) with the number of fixes. 
A significant positive correlation would indicate that home 
ranges were underestimated.
KDE was used to calculate home range sizes at the 5% to 
95% isopleths. Area (ha) was calculated for each 5% incre-
mental isopleth. Area was plotted against isopleth. The bound-
ary of the total range was determined as the 90% isopleth, as 
the greatest increase in area occurred between 90% and 95%. 
The point on the graph where the slope of the plot becomes 
steeper was taken as the point to define the boundary between 
the core area and total range, and the core area was deter-
mined as being at the 50% isopleth. Fixed kernel estimators 
with least-squares cross-validation to choose bandwidth were 
used to calculate core area and total range (Seaman and Powell 
1996). Differences between MCP home range size and KDE 
total range size, and KDE total range and core area, were ana-
lyzed using Wilcoxon rank sum tests. Kruskal–Wallis tests 
were used to determine differences in the percentage of fixes 
taken in the total range versus core area. Analysis of covari-
ance (ANCOVA) was used to determine differences in the total 
range and core area between seasons and sexes, or if there was 
an interaction between these 2 factors and animal body mass. 
Total range and core area were log10 transformed prior to this 
analysis to ensure homogeneity of variances and to normalize 
the distribution. Mass remained untransformed, as transforma-
tion led to greater heterogeneity of variances and deviation 
from the normal distribution.
The following equation was used to estimate percentage total 
range and core area overlap between pairs of collared animals 
(Atwood and Weeks 2003):
([ / / ] ).Area Home range Area Home range 15αβ α αβ β]´ [ ´0 00
where areaαβ is the area of the overlapping ranges, and home 
rangeα and home rangeβ are the areas of the respective indi-
vidual home ranges (Atwood and Weeks 2003).
Linear regression was used to determine if the number of 
burrows and cracks used increased with numbers of fixes. 
There appeared to be a nonlinear relationship between the 
number of fixes and the number of burrows, therefore quadratic 
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and polynomial regressions were attempted. However, the fit of 
these did not differ significantly from the linear model. A 1-way 
analysis of variance (ANOVA) was used to analyze the differ-
ence in crack width and perceived depth between cracks and 
burrows. Burrows dug into the sides of cracks were classed as 
burrows for these analyses. A 1-way ANOVA was also used to 
determine differences in widths and depths of cracks with and 
without burrows.
Results are presented as mean ± SE throughout. All data were 
tested for normality using the Shapiro–Wilk test and homoge-
neity of variance using Levene’s test prior to statistical analysis. 
All statistical analyses were undertaken using R version 3.3.0 
(R Core Team 2016).
results
Eighteen P. australis were fitted with radiotransmitters during 
this study (13 males and 5 females; Table 1). Trapping was not 
designed to assess the abundance of P. australis at the study 
sites and we therefore were not able to estimate the percentage 
of the population tagged for this study. The sex ratio of ani-
mals was biased as a result of 3 of the 4 females trapped being 
pregnant, and therefore not collared during the spring tracking 
period, and collars on other females breaking during the autumn 
tracking period. Body masses of males and females were simi-
lar (male: 40.3 ± 1.6 g, female: 39.2 ± 1.7). Individuals were 
tracked from 1–17 days, and between 1 and 64 fixes were col-
lected for each animal. Short tracking times were a result of 
radiotransmitters failing or coming off animals, as noted above.
Movement and home range size.—All fixes taken of tracked 
P. australis were within the cracking clay habitat. Home ranges 
at site 1 and site 2 were within continuous cracking clay habitat, 
and home ranges at site 3 were in cracking clay interspersed 
with lower-lying claypans > 10 m diameter.
Linear distance between consecutive fixes was negatively 
correlated with fix interval (r
s
 = 0.27, P < 0.001). Maximum 
linear distance between consecutive fixes during the night 
averaged 149.4 ± 31.3 m and ranged from 54.4 to 492.8 m 
(Table 1). There were no differences in the maximum linear 
distance between consecutive fixes between seasons (H1 = 0.9, 
P > 0.3, n = 15) or sexes (H1 = 1.1, P > 0.2, n = 15). Average lin-
ear distance between consecutive fixes at night was 50.2 ± 8.9 
m and ranged from 6.7 to 119.1 m. Average linear distance 
between consecutive fixes at night was lower in autumn than 
spring (H1 = 3.9, P = 0.049, n = 15) but did not differ between 
sexes (H1 = 2.5, P = 0.1, n = 15).
Only data from spring were analyzed for trends in day-
time linear movement, as there were only 3 samples from the 
autumn tracking session fitting the inclusion criteria. Average 
linear distance between daytime fixes was 11.2 ± 5.2 m. There 
were 3 long-distance movements (> 10 m) made by day that 
could not be explained by GPS error, short underground move-
ment in burrows, or the time of the day between post-sunrise 
and pre-sunset fixes (ID 491: 161 m; ID 131: 112 m, 77 m). 
These 3 movements occurred on 2 different days, for which 
there were no obvious differences in climate recorded. After 
removing these outliers, the average distance between daytime 
fixes during the day was 2.96 ± 0.33 m, which can be attributed 
to GPS error or very short underground movements.
MCP home ranges were calculated for 15 animals (Table 1), 
which excluded 2 for which just 1 fix was obtained and 1 indi-
vidual, for which 36 fixes were obtained, but from the same 
location (this animal was later trapped without a collar). When 
MCP home range was plotted against the number of fixes, 
Table 1.—Tracking statistics, including site and season of tracking, sex and weight (g), number of days tracked and number of fixes taken, max-
imum linear distance moved (m), and home range estimates (ha) calculated by the minimum convex polygon method at the 100% isopleth (MCP) 
and the kernel density estimate (KDE) at the 90% isopleth (total range) and 50% isopleth (core area) for the 18 tracked Pseudomys australis during 
spring 2014 and autumn 2015, Andado Station, Simpson Desert, Australia. M = male; F = female.
ID Site Season Sex Body mass Number of days Number of fixes Max. linear distance MCP KDE
90% 50%
12 2 Spring M 44 13 59 193.50 2.71 3.87 1.00
30 1 Spring M 39 6 17 90.82 0.56 1.20 0.29
72 2 Spring M 47 17 64 122.42 0.76 0.11 0.02
92 3 Autumn F 42.5 11 37 54.44 0.15 0.09 0.02
131 2 Spring F 39 16 64 103.06 0.65 0.61 0.16
151 3 Autumn F 43.5 10 37 492.83 0.41 0.32 0.05
172 2 Spring M 43 1 1
191 2 Spring M 37 1 1
211 1 Spring M 33 3 8 136.05 0.48
232 3 Autumn M 37 5 11 94.22 0.18
292 1 Autumn M 31.5 11 39 62.12 0.11 0.16 0.05
352 1 Autumn M 37.5 3 5 124.55 0.1
392 2 Spring M 35 5 22 104.86 0.58 1.24 0.34
412 3 Autumn M 45 11 39 177.82 0.58 0.62 0.14
432 1 Autumn F 36 3 10 59.41 0.22
472 1 Autumn M 38.5 11 37 118.93 0.5 0.62 0.09
491 2 Spring M 48 17 63 297.48 5.06 5.97 1.53
372* 3 Autumn F 35 11 36
*Fixes presumed to have been taken of a collar after it had come off the animal being tracked.
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home ranges of females reached an asymptote between 10 and 
40 fixes for individuals with > 35 fixes, but was still increas-
ing for 1 female with just 10 fixes. For 3 males, the asymp-
tote was reached at 20–40 fixes and the remaining 8 males 
had not reached an asymptote at the completion of tracking. 
Home range estimates by the 100% MCP method ranged 
between 0.10 and 5.06 ha, and averaged 0.87 ± 0.34 ha. MCP 
home ranges were correlated with the number of fixes taken 
(r
s
 = 0.67, P < 0.01, n = 15), indicating that this method under-
estimated home range size.
Sufficient fixes for KDE total range and core area estima-
tion (n > 17) were obtained for 11 of the 18 individuals tracked 
(Table 1). Total range (90% KDE) size varied from 0.09 to 
5.97 ha and averaged 1.35 ± 0.56 ha. Total ranges calculated 
using the KDE method were not correlated with the number of 
fixes (r
s
 = −0.09, P > 0.7, n = 11), indicating that KDE home 
range estimates were more reliable than those calculated using 
MCP. There was no difference in home range size calculated 
by the MCP method compared to the KDE method (W = 67.5, 
P > 0.4, n = 11). Core area (50% KDE) size varied from 
0.02 to 1.53 ha, averaged 0.34 ± 0.15 ha, and was on aver-
age 22.57 ± 1.54% of animals’ total ranges (range: 14.5% to 
31.3%). A higher percentage of fixes was taken in core areas 
than in the total ranges (H1 = 15.96, P < 0.0001, n = 11) and 
core areas were substantially smaller than total ranges (W = 93, 
P < 0.05). This indicates focused use of resources within these 
core areas. There was no significant difference in total range or 
core area size between seasons (total: F1,5 = 2.3, P = 0.2, n = 11; 
core: F1,5 = 4.4, P = 0.07, n = 11; Fig. 2A and 2B), although 
both were smaller on average in autumn (total: 0.36 ± 0.11 
ha; core: 0.07 ± 0.02 ha) than in spring (total: 2.17 ± 0.93 ha; 
core: 0.56 ± 0.24 ha). Total and core areas for males (total: 
1.72 ± 0.74 ha; core: 0.43 ± 0.19 ha) were larger on average 
than for females (total: 0.34 ± 0.15 ha; core: 0.07 ± 0.04 ha), 
but this difference was not significant (total: F1,5 = 0.7, P = 0.4, 
n = 11; core: F1,5 = 1.0, P = 0.4, n = 11; Fig. 2C and 2D). There 
was no relationship between body mass and total range size 
(F1,5 = 0.1, P = 0.7, n = 11) or any interaction between body 
mass and season (F1,5 = 0.3, P = 0.6, n = 11) or sex (F1,5 = 0.01, 
P = 0.9, n = 11).
Home range overlap.—Of 14 potentially overlapping total 
ranges, 9 did overlap; 3 female:male and 6 male:male pairs 
(Fig. 3A–C). On average, each individual showed overlaps in 
their total ranges with 0.5 ± 0.23 other individuals, by an aver-
age of 13.53 ± 5.12%. Where total ranges did overlap, they 
did so between 0.3% and 51.7%. There was only 1 instance of 
overlapping core areas, and this was by 7.2% between 2 males. 
There were no overlapping total ranges between females; this is 
Fig. 2.—Area (ha) of A) total range (90% kernel density estimation [KDE]) and B) core area (50% KDE) of Pseudomys australis tracked in spring 
2014 and autumn 2015, and C) total range and D) core area for male and female P. australis tracked at Andado Station, Simpson Desert, Australia.
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probably due to the large distances separating tracked females 
from each other and the small number of females tracked. This 
is supported by the trapping of additional females in the area 
that were not tracked because they were pregnant, below the 
weight threshold or their collar had broken on attachment.
Shelter use.—All tracked P. australis used both burrows and 
cracks for shelter, with the exception of 1 individual that used 
only burrows. Many of the burrows occupied by tracked indi-
viduals had more than 1 entrance, and those with more than 1 
entrance had several other diggings close by where it appeared 
that burrow digging had been abandoned. Burrows had a spoil 
heap adjacent to the entrance, and there were often multiple 
runways from 1 burrow entrance, which generally led to other 
burrows. Burrows were used more than cracks as shelter sites 
(H1 = 15.8, P < 0.0001, n = 11). The number of cracks and bur-
rows used by an individual increased linearly with the number 
of fixes taken (cracks: F1,64 = 154.1, P < 0.0001, n = 10; bur-
rows: F1,424 = 262.6, P < 0.0001).
Overall, 53 different burrows were used by tracked P. austra-
lis and 46.9% of these were used just once (Fig. 4A). The maxi-
mum number of burrows used by 1 individual was 11. Linear 
distance between consecutive burrows averaged 61.0 ± 6.9 
m. Nine of these burrows were used by more than 1 individual, 
and all individuals used multiple burrows. There were just 2 
occasions when a burrow was shared by 2 animals during the 
same period; 1 female:male pair in autumn and 1 male:male 
pair in spring. Cracks were used with much lower fidelity than 
burrows, with 85.5% being used just once (Fig. 4B). Core areas 
contained 1–2 burrows to which an individual was tracked for 
> 20% of fixes, whereas P. australis was tracked to burrows 
for < 11% of fixes outside of these core areas. Overall, 94.8% 
of daytime fixes were taken at burrows and 5.2% at cracks, 
whereas 70.5% of nighttime fixes were taken at burrows and 
29.5% at cracks.
Cracks without burrows used by tracked individuals in 
spring were deeper and wider than burrows (width: F1 = 5.987, 
P = 0.03, n = 6; depth: F1 = 10.28, P = 0.009, n = 6; Fig. 5). Cracks 
with burrows dug into the sides were shallower and wider than 
those without burrows (depth: F1 = 25.63, P = 0.0005, n= 6; 
width: F1 = 18.19, P = 0.002, n = 6; Fig. 5). Burrows were often 
dug nearly horizontally into the ground, with depth reflecting 
vertical depth, not the length of the tunnel to a nesting chamber.
discussion
During dry periods, individual P. australis showed a strong 
preference for cracking clay refuge habitat, occupied small 
home ranges relative to the area of apparently suitable habi-
tat, and occupied even smaller core ranges and moved short 
distances while foraging at night. These patterns of space use 
were observed in both sexes and across seasons (spring and 
autumn). High overlap of the home ranges of neighboring 
individuals also occurred. All animals occupied multiple shel-
ter sites, either in burrows or soil cracks, during the tracking 
period, but focused their activity on 1–2 burrows within a dis-
tinct core area. The results support and enhance the findings 
of population-level trapping and mark–recapture assessments, 
which indicated that refuge populations of P. australis consist 
of high densities of animals sharing foraging space and shelter 
sites within limited areas of suitable habitat (Pavey et al. 2014).
Fig. 3.—Total ranges (90% isopleth, unshaded) and core areas (50% 
isopleth, hash fill) of Pseudomys australis tracked during spring 2014 
and autumn 2015 at A) site 1, B) site 2, and C) site 3 at Andado Station, 
Simpson Desert, Australia.
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Home range size and habitat preference.—The home range 
size of arid-zone rodents varies greatly and the average home 
range size we estimated for P. australis is in the mid-range of 
published home ranges of other similar-sized arid-zone rodents 
(e.g., Behrends et al. 1986; Heske et al. 1995; Perri and Randall 
1999; Schradin and Pillay 2005; Partridge 2008). For example, 
home ranges of male Pseudomys chapmani in range habitat in 
the Pilbara, Australia, averaged 14.4 ha (Anstee et al. 1997), 
whereas the average home range of male Acomys russatus in 
rocky areas of Israel averaged 0.05 ha (Shargal et al. 2000). The 
home range size of a species can be influenced by social interac-
tions. For example, the home range sizes of female Rhabdomys 
pumilo inhabiting areas dominated by succulent karoo vegeta-
tion in South Africa are influenced by intraspecific competi-
tion and food availability (Schradin et al. 2010). However, the 
quantity of food available in these areas is thought to be an 
additional factor influencing the home range of female R. pum-
ilio (Schradin et al. 2010). Home range stability, not just size, 
may also be influenced by the consistency of food and shelter 
resources, as was suggested for Pseudantechinus macdonnel-
lensis inhabiting rocky range areas of central Australia (Pavey 
et al. 2003). In semi-arid north-central Chile, by comparison, 
the home range of Octodon degus is less stable, expanding as 
the availability of food resources declines and shifting between 
areas of available food (Quirici et al. 2010).
Australian arid-zone rodents and small dasyurid marsupials 
can move long distances, with P. hermannsburgensis recorded 
moving up to 14 km (Dickman et al. 1995). Given that P. aus-
tralis is more than 3 times the size of P. hermannsburgensis, 
P. australis likely has the ability to move greater distances. In 
contrast, the greatest movement recorded by a radiotracked 
individual in our study was < 500 m and that individual was 
tracked to a burrow in its core area in the subsequent fix. In addi-
tion to this, home range size did not differ significantly between 
seasons, which suggests that the short-term home range area of 
P. australis, like that of P. macdonnellensis, may be relatively 
stable. Our results suggest that the cracking clay refuges occu-
pied by P. australis may contain adequate resources for per-
sistence of populations, at least over short time-frames within 
extended dry periods. The indication from previous work that 
P. australis does not move regularly between refuges (Pavey 
et al. 2014) was supported by the results of our short-term 
Fig. 5.—A) Depth (mm) and B) width (mm) of burrows, cracks without burrows, and cracks with burrows, used by Pseudomys australis tracked 
during spring 2014 and autumn 2015 at Andado Station, Simpson Desert, Australia.
Fig. 4.—A) The number of burrows plotted against the number of fixes a specific burrow was used by an individual Pseudomys australis, and B) 
the number of cracks plotted against the number of fixes a specific crack was used by an individual P. australis tracked during spring 2014 and 
autumn 2015 at Andado Station, Simpson Desert, Australia.
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tracking study. However, individuals can be trapped outside 
cracking clay habitats occasionally during extended dry peri-
ods (Pavey et al. 2014) and further investigation of the drivers 
and frequency at which this occurs is needed.
A recent dietary analysis undertaken at our study site indi-
cated that P. australis has a varied diet dominated by species 
of grasses and forbs (mostly seeds), with a small proportion of 
invertebrates (Pavey et al. 2016). Most of the plants consumed 
are shallow-rooted and short-lived species that germinate in 
response to small, isolated rainfall events (Nano and Pavey 
2013). Minimum thresholds have not been developed for the 
response of these plant species to rainfall in our study region, 
but studies from other deserts suggest that even events with 
< 5 mm of precipitation may stimulate germination of some 
shallow-rooted species (Reynolds et al. 2004). Rainfall likely 
to stimulate a response in these species is expected to occur at 
the study site at least annually (Nano and Pavey 2013), thereby 
providing a regular supply of food resources to support the per-
sistence of P. australis in the refuge areas. However, these food 
resources are probably spatially and temporally patchy, and the 
home ranges of P. australis may shift accordingly. We did not 
quantify food resources during our study, and this should be a 
focus of future research.
Home range overlap.—The stability in short-term home 
ranges observed in our study may be driven by the social orga-
nization of P. australis. The degree of home range overlap can 
be an indication of tolerance of conspecifics. High home range 
overlap among R. pumilio is related to sharing of sleeping sites 
by individuals within groups living in succulent shrubland 
habitat (84% overlap), whereas in grassland populations lower 
home range overlap (≤ 36.7% overlap) corresponds with a lack 
of obvious group formation (Schradin and Pillay 2005). Total 
home range areas of P. australis in our study overlapped by 
between 0.25% and 51.74%, but tracked individuals were also 
often seen in close proximity to untagged individuals, indicat-
ing tolerance of conspecifics. Despite some core areas being 
within < 10 m of other core areas, low overlap was observed, 
indicating that some group structuring may occur. Up to 20 
individuals, both male and female, have been observed occupy-
ing the same burrow system at the same time when females are 
not, reproductively, receptive, whereas this reduces to 1 male 
and 1–3 females during breeding (Watts and Aslin 1981). This 
suggests that social organization and therefore home range 
distribution may change depending on breeding activity. Such 
shifts have been reported in other arid-dwelling rodents, such 
as Notomys alexis and P. hermannsburgensis (Dickman et al. 
2010). While we recorded breeding activity during the spring 
tracking period (3 pregnant females), further tracking of indi-
viduals in both the breeding and non-breeding season is needed 
to investigate this further for P. australis.
Shelter use.—Shelter resources may explain the presence of 
a distinct core area for P. australis. The presence of a distinct 
core area within a total range has been explained by the pres-
ence of an important resource, or of a high concentration of 
resources, in other arid-dwelling rodents. In the Pilbara region 
of Australia, P. chapmani has a core area situated over a mound 
of stones above a subterranean burrow system (Anstee et al. 
1997). Core area overlap only occurs between individuals 
occupying the same mound, indicating that P. chapmani has a 
complex social system (Anstee et al. 1997). In contrast, indi-
viduals of Dipodomys ingens are solitary and maintain exclu-
sive core areas with actively defended burrows containing 
seed larders (Cooper and Randall 2007). Brandle and Moseby 
(1999) observed little external evidence of burrowing by P. aus-
tralis except runways in deep, friable cracking clay, whereas 
well-defined burrows were found in the soils beneath peren-
nial shrubs. Tracked individuals used burrows frequently in our 
study, and generally only used cracks for short-term shelter. 
Runways between burrows indicate that these are used with 
relatively high frequency, which is supported by the finding that 
core areas were centered on 1–2 frequently used (> 20 % of 
fixes) burrows. There was a lack of core area overlap between 
radiotracked P. australis in our study, but the lack of overlap 
may be due to the small number of individuals tracked. This 
inference is supported by anecdotal sightings of multiple ani-
mals being seen above ground and entering burrows together 
during the study.
In our study area, cracks in which animals sheltered were 
more than twice as deep as those with burrows dug into them. 
Cracking clay soils may provide areas of greater friability that 
are easier to burrow in, or the underground network of cracks 
may provide access to points of weakness where surface pen-
etration is promoted. Cracks provide a more stable microcli-
mate than surface environments by buffering the extremes of 
temperature and relative humidity (Waudby and Petit 2017). 
The extremes of humidity and temperature are also buffered by 
burrows (Kay and Whitford 1978; Bulova 2002). The apparent 
preference for burrows as long-term shelter sites by P. austra-
lis may be because individuals can control both the size of the 
burrow entrance and the tunnel architecture, which can provide 
greater regulation of burrow microclimate. The shorter-term 
use of cracks indicates that these may provide refuges from 
predation or other threats in a landscape where there is little 
above-ground cover available.
conclusions
Overall, our study has shown that P. australis occupies short-
term home ranges that are centered on 1–2 frequently used 
shelter sites and that are relatively small in relation to the size 
of available habitat. Our results build on the findings of Pavey 
et al. (2014) that refuge sites are the primary areas occupied 
by P. australis during dry periods, by showing that the home 
ranges occupied by tracked individuals are entirely within 
cracking clay refuges, even when non-refuge habitats are close 
by. A more extensive study is required to determine the degree 
to which P. australis populations are confined to cracking clay 
habitat on greater temporal and spatial scales, to quantify the 
connectivity between patches of refuge habitat, and to inves-
tigate the influence of resource variability on the occupancy 
of refuge sites. P. australis refuges, as they are currently de-
fined, occupy a small proportion of the landscape and a clearer 
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understanding of the way that refuges function will enable tar-
geted management for this threatened species.
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Appendix 3. Selection of live-trapping sites at Andado Station, Simpson Desert, Australia 
Surveys were undertaken during October and December 2013, and during 2014 to 
determine the presence and location of Pseudomys australis in the northern and southern stony 
plain complexes at Andado Station.  
In the northern stony desert complex, four sites that were part of a long-term small 
mammal monitoring program where P. australis had been previously recorded (see Pavey et al. 
2014) and two sites where P. australis was thought to occur due to suitable habitat were 
surveyed on two occasions in October 2013. Two transects, each consisting of 50 Elliott traps 
spaced 20 m apart, were trapped over three nights at each site. Pseudomys australis was recorded 
at five of the six sites, which were then selected as sites to incorporate into the study. One site 
was investigated during 2014 when it became apparent that there was additional suitable habitat 
for P. australis. Two transects, each with 25 Elliott traps at 20 m spacing, were trapped during 
July 2014 and August 2014. Pseudomys australis was not recorded at this site during July 2014, 
but was recorded during August 2014. This site was incorporated into the study from April 2015. 
Potentially suitable habitat in the southern stony plain complex was surveyed during 
December 2013. Habitat identified as cracking clay by land unit mapping (Kennedy & Sugars 
2001) was scored for characteristics of known P. australis habitat. Specifically, I noted the 
presence/absence of subsurface soil cracks and vegetation type, along with the presence of any 
fauna sign (e.g., tracks, scats). Two sites were then trapped, as for the October 2013 surveys, one 
chosen based on the suitability of the above mentioned characteristics, and the other based on 
previous records of P. australis. Pseudomys australis was not trapped at either site in December 
2013, nor was any clear sign of the species found while scoring sites for suitability. Therefore, 
no sites in the southern stony plain complex on Andado Station were incorporated in the study. 
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Appendix 4. Estimated regression parameters and standard errors for 38 binomial GLMMs on capture success of Pseudomys australis 
as a function of land type (SP: stony plain), API (API5: API five months prior to trapping, API6: API six months prior to trapping, 
API7: API seven months prior to trapping, API8: API eight months prior to trapping, API9: API nine months prior to trapping), 
capture rate in the previous trapping session (CRt-1) and capture rate in the cracking clay in the previous trapping session (CRCCt-1) at 
Andado Station, Simpson Desert, Australia. Model fit was assessed by computing the ∆AICc and AICc weights for the set of candidate 
models. Site nested in session were random factors in models including land type as a fixed effect, and site nested in session and land 
type nested in site were random factors in models not including land type as a fixed effect. Models are presented in order from lowest 
to highest AICc value.   
    
Fixed effects Random effects 
Model AICc ∆AICc 
AICc 
weight Effect Estimate Std. err. Effect Variance Std. dev. 
CRCCt-1 * land type +  310.81 0.00 0.84 Intercept -6.87 0.97 Site : Session 0.15 0.39 
log(API5) 
   
CRCCt-1 4.70 0.94 Session 0.34 0.59 
    
Land type (SP) -2.54 0.31 
   
    
log(API5) 1.09 0.25 
   
    
CRCCt-1 : land type (SP) 4.40 0.90 
   CRCCt-1 * land type +  314.56 3.75 0.14 Intercept -6.75 1.26 Site : Session 0.15 0.39 
log(API6) 
   
CRCCt-1 4.81 0.98 Session 0.59 0.77 
    
Land type (SP) -2.44 0.31 
   
    
log(API6) 1.07 0.34 
   
    
CRCCt-1 : land type (SP) 4.36 0.90 
   CRCCt-1 * land type 318.56 7.75 0.02 Intercept -2.98 0.47 Site : Session 0.16 0.39 
    
CRCCt-1  5.18 1.06 Session 1.47 1.21 
    
Land type (SP) -2.41 0.32 
   
    
CRCCt-1 * land type (SP) 4.28 0.91 
   CRCCt-1 + log(API5) 329.99 19.18 <0.01 Intercept -7.55 1.14 Site : Session 0.08 0.28 
    
CRCCt-1  1.94 1.62 LU : Site 0.89 0.94 
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Fixed effects Random effects 
Model AICc ∆AICc 
AICc 
weight Effect Estimate Std. err. Effect Variance Std. dev. 
    
log(API5) 1.19 0.28 Session 0.46 0.68 
       
Site 0.44 0.66 
CRt-1 + log(API5) 331.35 20.54 <0.01 Intercept -7.67 1.34 Site : Session 0.06 0.24 
    
CRt-1 0.44 1.23 LU : Site 0.96 0.98 
    
log(API5) 1.31 0.33 Session 0.68 0.82 
       
Site 0.89 0.94 
CRCCt-1 + log(API6) 332.34 21.53 <0.01 Intercept -7.63 1.40 Site : Session 0.07 0.26 
    
CRCCt-1  1.47 1.60 LU : Site 0.89 0.94 
    
log(API6) 1.26 0.37 Session 0.68 0.82 
       
Site 0.54 0.74 
CRCCt-1 * log(API5) 332.61 21.80 <0.01 Intercept -7.66 1.23 Site : Session 0.08 0.28 
    
CRCCt-1  3.01 4.59 LU : Site 0.89 0.94 
    
log(API5) 1.23 0.32 Session 0.45 0.67 
    
CRCCt-1 + log(API5) -0.31 1.21 Site 0.47 0.69 
CRt-1 + log(API6) 332.90 22.09 <0.01 Intercept -7.85 1.57 Site : Session 0.06 0.24 
    
CRt-1 -0.69 1.22 LU : Site 1.00 1.00 
    
log(API6) 1.39 0.40 Session 0.86 0.93 
       
Site 0.94 0.97 
CRt-1 * log(API5) 333.48 22.67 <0.01 Intercept -7.95 1.36 Site : Session 0.06 0.25 
    
CRt-1 2.40 4.07 LU : Site 1.02 1.01 
    
log(API5) 1.39 0.33 Session 0.62 0.79 
    
CRt-1 : log(API5) -0.77 1.05 Site 0.92 0.96 
CRCCt-1 * log(API6) 334.94 24.13 <0.01 Intercept -7.45 1.55 Site : Session 0.06 0.25 
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Fixed effects Random effects 
Model AICc ∆AICc 
AICc 
weight Effect Estimate Std. err. Effect Variance Std. dev. 
    
CRCCt-1  0.03 5.12 LU : Site 0.88 0.94 
    
log(API6) 1.21 0.41 Session 0.71 0.84 
    
CRCCt-1 + log(API6) 0.39 1.31 Site 0.51 0.72 
CRt-1 * log(API6) 335.56 24.75 <0.01 Intercept -7.84 1.63 Site : Session 0.06 0.24 
    
CRt-1 -0.79 3.80 LU : Site 0.99 1.00 
    
log(API6) 1.39 0.42 Session 0.87 0.93 
    
CRt-1 : log(API6) 0.03 0.96 Site 0.93 0.97 
CRCCt-1 + log(API7) 336.47 25.66 <0.01 Intercept -7.35 2.09 Site : Session 0.07 0.26 
    
CRCCt-1  1.38 1.68 LU : Site 0.89 0.94 
    
log(API7) 1.20 0.57 Session 1.25 1.12 
       
Site 0.58 0.76 
CRt-1 + log(API7) 336.72 25.91 <0.01 Intercept -7.65 2.29 Site : Session 0.05 0.23 
    
CRt-1 -0.84 1.23 LU : Site 1.02 1.01 
    
log(API7) 1.37 0.62 Session 1.52 1.23 
       
Site 0.99 0.99 
CRCCt-1 337.55 26.74 <0.01 Intercept -3.15 0.73 Site : Session 0.07 0.26 
    
CRCCt-1 1.61 1.79 LU : Site 0.89 0.94 
       
Session 2.03 1.42 
       
Site 0.57 0.75 
CRt-1 338.01 27.20 <0.01 Intercept -2.85 0.79 Site : Session 0.06 0.24 
    
CRt-1 -0.81 1.25 LU : Site 1.02 1.01 
       
Session 2.57 1.60 
       
Site 1.02 1.01 
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Fixed effects Random effects 
Model AICc ∆AICc 
AICc 
weight Effect Estimate Std. err. Effect Variance Std. dev. 
CRCCt-1 + land type 338.82 28.01 <0.01 Intercept -3.37 0.47 Site : Session 0.30 0.55 
    
CRCCt-1  7.16 1.23 Session 1.33 1.15 
    
Land type (SP) -1.12 0.13 
   CRCCt-1 * log(API7) 339.07 28.26 <0.01 Intercept -7.10 2.26 Site : Session 0.06 0.24 
    
CRCCt-1  -0.30 5.73 LU : Site 0.89 0.94 
    
log(API7) 1.14 0.62 Session 1.30 1.14 
    
CRCCt-1 + log(API7) 0.44 1.44 Site 0.55 0.74 
CRt-1 * log(API7) 339.25 28.44 <0.01 Intercept -7.85 2.32 Site : Session 0.06 0.24 
    
CRt-1 0.72 4.16 LU : Site 1.03 1.02 
    
log(API7) 1.42 0.63 Session 1.47 1.21 
    
CRt-1 : log(API7) -0.40 1.02 Site 1.01 1.01 
CRt-1 * land type +  345.84 35.03 <0.01 Intercept -7.29 1.13 Site : Session 0.56 0.75 
log(API5) 
   
CRt-1 1.18 1.35 Session 0.37 0.61 
    
Land type (SP) -1.50 0.27 
   
    
log(API5) 1.30 0.30 
   
    
CRt-1 : land type (SP) 3.69 0.98 
   CRt-1 * land type +  351.58 40.77 <0.01 Intercept -3.76 0.63 Site : Session 0.63 0.80 
log(API6) 
   
CRt-1 0.77 1.48 Session 0.98 0.99 
    
Land type (SP) -1.55 0.59 
   
    
log(API6) 0.02 0.01 
   
    
CRt-1 : land type (SP) 3.65 0.98 
   CRt-1 * land type 354.34 43.53 <0.01 Intercept -2.51 0.58 Site : Session 0.67 0.82 
    
CRt-1 0.62 1.54 Session 2.18 1.48 
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Fixed effects Random effects 
Model AICc ∆AICc 
AICc 
weight Effect Estimate Std. err. Effect Variance Std. dev. 
    
Land type (SP) -1.57 0.29 
   
    
CRt-1 : land type (SP) 3.63 0.98 
   CRt-1 + land type 364.71 53.90 <0.01 Intercept -2.59 0.60 Site : Session 1.04 1.02 
    
CRt-1 0.44 1.55 Session 2.23 1.50 
    
Land type (SP) -1.03 0.25 
   log(API5) 372.32 61.51 <0.01 Intercept -8.52 1.30 Site : Session 0.08 0.28 
    
log(API5) 1.49 0.32 LU : Site 0.79 0.89 
       
Session 0.76 0.87 
       
Site 0.76 0.87 
log(API6) 374.93 64.12 <0.01 Intercept -8.77 1.59 Site : Session 0.08 0.28 
    
log(API6) 1.58 0.42 LU : Site 0.79 0.89 
       
Session 1.04 1.02 
       
Site 0.78 0.88 
log(API7) 378.97 68.16 <0.01 Intercept -8.64 2.29 Site : Session 0.08 0.28 
    
log(API7) 1.57 0.63 LU : Site 0.79 0.89 
       
Session 1.72 1.31 
       
Site 0.80 0.89 
log(API9) 380.15 69.34 <0.01 Intercept -0.98 3.22 Site : Session 0.08 0.28 
    
log(API9) 1.82 0.88 LU : Site 0.79 0.89 
       
Session 1.99 1.41 
       
Site 0.81 0.90 
log(API8) 380.97 70.16 <0.01 Intercept -8.49 3.03 Site : Session 0.08 0.28 
    
log(API8) 1.54 0.86 LU : Site 0.79 0.89 
       
Session 2.18 1.48 
       
Site 0.82 0.90 
Land type + log(API6) 383.47 72.66 <0.01 Intercept -4.33 0.74 Site : Session 0.29 0.53 
Appendices 
198 
 
    
Fixed effects Random effects 
Model AICc ∆AICc 
AICc 
weight Effect Estimate Std. err. Effect Variance Std. dev. 
    
Land type (SP) -0.59 0.07 Session 0.17 0.41 
    
log(API6) 0.81 0.20 
   Land type + log(API5) 391.04 80.23 <0.01 Intercept -8.43 1.32 Site : Session 1.16 1.06 
    
Land type (SP) -1.05 0.13 Session 0.63 0.79 
    
log(API5) 1.58 0.35 
   Land type * log(API5) 393.41 82.60 <0.01 Intercept -8.47 1.36 Site : Session 1.17 1.08 
    
Land type (SP) -0.92 0.75 Session 0.63 0.79 
    
log(API5) 1.59 0.36 
   
    
Land type (SP) : log(API5) -0.03 0.18 
   Land type * log(API6) 396.08 85.27 <0.01 Intercept -8.73 1.64 Site : Session 1.19 1.09 
    
Land type (SP) -1.03 0.68 Session 0.90 0.95 
    
log(API6) 1.69 0.45 
   
    
Land type (SP) : log(API6) -0.01 0.17 
   Land type + log(API7) 397.02 86.21 <0.01 Intercept -8.86 2.20 Site : Session 1.22 1.11 
    
Land type (SP) -1.05 0.13 Session 1.35 1.16 
    
log(API7) 1.73 0.62 
   Land type * log(API7) 398.14 87.33 <0.01 Intercept -8.72 2.21 Site : Session 1.22 1.10 
    
Land type (SP) -1.89 0.75 Session 1.36 1.17 
    
log(API7) 1.69 0.62 
   
    
Land type (SP) : log(API7) 0.21 0.18 
   Land type + log(API9) 398.46 87.65 <0.01 Intercept -10.03 3.16 Site : Session 1.24 1.11 
    
Land type (SP) -1.05 0.13 Session 1.69 1.30 
    
log(API9) 1.99 0.86 
   Land type * log(API9) 398.73 87.92 <0.01 Intercept -9.81 3.19 Site : Session 1.21 1.10 
    
Land type (SP) -2.25 0.83 Session 1.72 1.31 
    
log(API9) 1.94 0.87 
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Fixed effects Random effects 
Model AICc ∆AICc 
AICc 
weight Effect Estimate Std. err. Effect Variance Std. dev. 
    
Land type (SP) : log(API9) 0.30 0.20 
   Land type + log(API8) 399.45 88.64 <0.01 Intercept -8.63 3.01 Site : Session 1.23 1.11 
    
Land type (SP) -1.05 0.13 Session 1.95 1.40 
    
log(API8) 1.68 0.86 
   Land type * log(API8) 399.61 88.80 <0.01 Intercept -8.43 3.02 Site : Session 1.20 1.10 
    
Land type (SP) -2.07 0.69 Session 1.97 1.41 
    
log(API8) 1.63 0.87 
   
    
Land type (SP) : log(API8) 0.26 0.17 
   Land type 400.28 89.47 <0.01 Intercept -2.88 0.62 Site : Session 1.20 1.10 
    
Land type (SP) -1.05 0.13 Session 3.02 1.74 
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Appendix 5. Partial dependence plots for the boosted regression tree model of Pseudomys 
australis occurrence predicted by food and shelter resource variables during autumn 2015, 
in order of influence in the models. Plots show the change in probability of P. australis 
occurrence for values of each variable while keeping all other variables fixed at their mean 
value. 
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Appendix 6. Partial dependence plots for the boosted regression tree model of Pseudomys 
australis occurrence predicted by food and shelter resource variables during winter 2015, 
in order of influence in the models. Plots show the change in probability of P. australis 
occurrence for values of each variable while keeping all other variables fixed at their mean 
value. 
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Appendix 7. Partial dependence plots for the boosted regression tree model of Pseudomys 
australis occurrence predicted by food and shelter resource variables during spring 2015, 
in order of influence in the models Plots show the change in probability of P. australis 
occurrence for values of each variable while keeping all other variables fixed at their mean 
value. 
 
M
a
rg
in
a
l 
e
ff
e
c
t 
o
n
 t
h
e
 p
ro
b
a
b
ili
ty
 o
f 
P
. 
a
u
s
tr
a
lis
 o
c
c
u
rr
e
n
c
e
 
Appendices 
203 
 
Appendix 8. Partial dependence plots for the boosted regression tree model of Pseudomys 
australis occurrence predicted by food and shelter resource variables during autumn 2016, 
in order of influence in the models. Plots show the change in probability of P. australis 
occurrence for values of each variable while keeping all other variables fixed at their mean 
value. 
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Appendix 9: Estimated regression parameters and standard errors for the quasibinomial GLMs on crack presence, and cover 
of rocks, grasses, ephemeral forbs, persistent forbs and litter as a function of season and clay content of soil at Andado Station, 
Simpson Desert, Australia. Site was a random factor in all models. * P-value < 0.05, ** P-value < 0.01, *** P-value <0.001 
   Fixed effects Random effects 
Response Distribution Covariate Estimate 
Standard 
error z value Effect Variance 
Standard 
deviation 
Crack presence Binomial Intercept -4.00 1.32 -3.03 ** Site 0 0 
  SeasYearAut2016 1.23 0.95 1.30     
  SeasYearSpr2015 1.29 0.96 1.35     
  SeasYearWin2015 0.90 0.87 1.04     
  Clay 8.53 2.07 4.13 ***    
  Rock -2.53 1.33 -1.91     
Grass Negative 
binomial 
Intercept 2.61 0.54 4.80 *** Site 0.43 0.66 
 SeasYearAut2016 1.31 0.20 6.58 ***    
  SeasYearSpr2015 -0.47 0.21 -2.72 *    
  SeasYearWin2015 -0.16 0.22 -0.76     
  Clay 0.60 0.81 0.74     
  Rock -2.33 0.48 -4.83 ***    
Ephemeral forb Negative 
binomial 
Intercept 1.00 0.54 1.83  Site 0.31 0.56 
SeasYearAut2016 0.70 0.30 2.33 *    
  SeasYearSpr2015 -0.70 0.31 -2.25 *    
  SeasYearWin2015 -0.82 0.35 -2.38 *    
  Clay 2.31 0.89 2.59 **    
  Rock -1.35 0.72 -1.88     
Persistent forb Negative 
binomial 
Intercept 2.08 0.83 2.50 * Site 1.15 1.07 
 SeasYearAut2016 0.06 0.47 0.12     
  SeasYearSpr2015 -1.12 0.44 -2.53 *    
  SeasYearWin2015 -0.88 0.45 -1.96 *    
  Clay -0.84 1.29 -0.65     
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   Fixed effects Random effects 
Response Distribution Covariate Estimate 
Standard 
error z value Effect Variance 
Standard 
deviation 
  Rock 0.08 0.85 0.09     
Litter Negative 
binomial 
Intercept 3.76 0.26 14.30  Site 0.02 0.14 
 SeasYearAut2016 -0.32 0.13 -2.47     
  SeasYearSpr2015 0.06 0.13 0.44     
  SeasYearWin2015 0.20 0.14 1.47     
  Clay 1.10 0.42 2.60     
  Rock -2.76 0.29 -9.54     
Rock Negative 
binomial 
Intercept 4.20 0.61 6.92  Site 0.30 0.54 
 SeasYearAut2016 -0.02 0.24 -0.10     
  SeasYearSpr2015 0.07 0.25 0.29     
  SeasYearWin2015 -0.11 0.26 -0.43     
  Clay -2.46 1.06 -2.32 *    
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Appendix 10: Pairwise comparisons with Bonferroni P-value correction for each season 
from GLMMs of crack presence, and cover or rocks, grasses, ephemeral forbs, persistent 
forbs and litter * P-value < 0.05, ** P-value < 0.01, *** P-value <0.001 
Resource Comparison Estimate 
Standard 
Error 
z value 
Crack presence Autumn-16 - Autumn-15 1.23 0.95 1.30  
Spring-15 - Autumn-15 1.29 0.96 1.35  
Winter-15 – Autumn-15 0.90 0.87 1.04  
Spring-15 - Autumn-16 0.06 0.75 0.08  
Winter-15 - Autumn-16 -0.33 0.63 -0.53  
Winter-15 - Spring-15 -0.39 0.64 -0.61  
Grass cover Autumn-16 - Autumn-15 1.31 0.20 6.58 *** 
Spring-15 - Autumn-15 -0.47 0.21 -2.27  
Winter-15 – Autumn-15 -0.16 0.22 -0.76  
Spring-15 - Autumn-16 -1.78 0.20 -8.81 *** 
Winter-15 - Autumn-16 -1.47 0.22 -6.79 *** 
Winter-15 - Spring-15 0.31 0.22 1.38  
Ephemeral forb cover Autumn-16 - Autumn-15 0.70 0.30 2.33  
Spring-15 - Autumn-15 -0.70 0.31 -2.25  
Winter-15 – Autumn-15 -0.82 0.35 -2.38  
Spring-15 - Autumn-16 -1.40 0.30 -4.61 *** 
Winter-15 - Autumn-16 -1.52 0.33 -4.54 *** 
Winter-15 - Spring-15 -0.12 0.34 -0.34  
Persistent forb Autumn-16 - Autumn-15 0.06 0.47 0.12  
Spring-15 - Autumn-15 -1.12 0.44 -2.53  
Winter-15 – Autumn-15 -0.88 0.45 -1.96  
Spring-15 - Autumn-16 -1.18 0.47 -2.53  
Winter-15 - Autumn-16 -0.93 0.47 -1.99  
Winter-15 - Spring-15 0.25 0.46 0.54  
Litter Autumn-16 - Autumn-15 -0.32 0.13 -2.47  
Spring-15 - Autumn-15 0.06 0.13 0.44  
Winter-15 – Autumn-15 0.20 0.14 1.47  
Spring-15 - Autumn-16 0.38 0.13 2.88 * 
Winter-15 - Autumn-16 0.52 0.14 3.82 *** 
Winter-15 - Spring-15 0.14 0.14 1.04  
Rock Autumn-16 - Autumn-15 -0.02 0.24 -0.09  
 Spring-15 - Autumn-15 0.07 0.25 0.29  
 Winter-15 – Autumn-15 -0.11 0.26 -0.43  
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Resource Comparison Estimate 
Standard 
Error 
z value 
 Spring-15 - Autumn-16 0.10 0.25 0.39  
 Winter-15 - Autumn-16 -0.09 0.26 -0.34  
 Winter-15 - Spring-15 -0.18 0.26 -0.70  
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Appendix 11. Camera-trap pilot trials at Andado Station, Simpson Desert, Australia 
To assess the potential use of camera-traps for detecting P. australis, camera-traps were 
trialled during October 2014 and November 2014. In October 2014 camera-traps were set at 3 
sites in the southern stony plain complex for 2 days each. In November 2014 camera-traps were 
set at 17 sites in both the northern and southern stony plain complexes for between 3 and 5 days 
each. Reconyx HC500 Hyperfire cameras were used for the trials. Cameras were fixed to a 
bracket on a pair of 900 mm aluminium fence droppers and set approximately 70 – 80 cm above 
the ground, facing downwards. The star picket was 3 cm wide and the camera set so that this was 
in view in the photographs and could be used for scale. Cameras were set to run 24 hours a day 
at high sensitivity, to take three photos per trigger and with no delay between consecutive 
triggers. A plastic jar baited with cotton wool soaked in peanut butter and oats, with 12 holes 
drilled in it, was fixed into the ground with a tent peg. 
During October 2014, P. australis was recorded on two cameras in the cracking clay land 
type in the southern stony plain complex at Andado Station. Pseudomys australis was also 
recorded on 5 cameras during November 2014, two in the cracking clay land type in the southern 
stony plain complex, three in the northern stony plain complex and two within the fenceline of 
the Mac Clark Conservation Reserve in the stony plain land type. Morphological characteristics 
of P. australis used in the identification of photographed animals were the large size relative to 
other rodents known to be present in the region during dry periods, large ears, white upper foot 
and a thin tail that is white (or light coloured) above. The plastic jar used to hold bait was 55 mm 
long and provided a scale with which to assess the approximate size of animals photographed. 
Photographs of individuals provisionally identified as P. australis were then measured to 
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determine approximate size, allowing confirmation that animals in the photograph were the size 
of P. australis and not smaller rodents known from the region.   
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Appendix 12. Estimated regression parameters and standard errors for binomial GLMMs giving the probability of occurrence of 
Pseudomys australis as a function of the ASTER indices ferric iron (Fe
3+
) content, Fe
3+
composition, aluminium hydroxide (AlOH) 
group content, ferrous iron (Fe
2+
) index, silica and kaolin group index at Andado Station, Simpson Desert, Australia, assessed by 
computing the ∆AICc and AICc weights for the set of candidate models. Camera station nested in session was assigned as a random 
factor in all models. Models are presented in order from lowest to highest AICc value.   
        Fixed effects Random effects 
Model AICc ∆AICc 
AICc 
weight 
Effect Est. Std. error Effect Var. 
Std. 
dev. 
Fe
3+
 content + Fe
3+ 
 1247.97 0 0.320 Intercept -16.69 12.01 Camera : Session 2.80 1.67 
composition + AlOH group  
   
Fe
3+
 content -5.81 1.46 Session 1.25 1.12 
content 
   
Fe
3+
 composition -5.89 1.83 
   
    
AlOH group content 15.63 5.36 
   
Fe
2+
 index + Fe
3+
  1248.36 0.39 0.264 Intercept 6.05 15.25 Camera : Session 2.77 1.67 
composition + AlOH group  
   
Fe
2+ 
index -31.17 7.92 Session 1.23 1.11 
content 
   
Fe
3+
 composition -5.78 1.83 
   
    
AlOH group content 12.73 5.57 
   Fe
2+
 index + Fe
3+ 
 1249.03 1.06 0.189 Intercept 56.22 11.13 Camera : Session 2.78 1.67 
composition + kaolin group  
   
Fe
2+
 index -36.36 7.46 Session 1.24 1.12 
index 
   
Fe
3+
 composition -5.24 1.84 
   
    
Kaolin group index -21.25 9.92 
   
Fe
3+
 content + Fe
3+
  1250.57 2.6 0.087 Intercept 39.31 10.01 Camera : Session 2.85 
1.69
composition + kaolin group  
   
Fe
3+
 content -6.73 1.44 Session 1.28 1.13 
index 
   
Fe
3+
 composition -5.27 1.84 
   
    
Kaolin group index -24.19 9.98 
   Fe
2+
 index + Fe
3+
 composition 1251.47 3.5 0.056 Intercept 37.56 6.91 Camera : Session 2.86 1.69 
    
Fe
2+
 index -37.71 7.57 Session 1.29 1.14 
    
Fe
3+
 composition -5.59 1.86 
   Silica + Fe
3+
 content + AlOH  1253.91 5.94 0.016 Intercept -2.91 15.57 Camera : Session 2.89 1.70 
group content 
   
Silica -12.15 5.80 Session 1.26 1.12 
    
Fe
3+
 content -6.37 1.50 
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        Fixed effects Random effects 
Model AICc ∆AICc 
AICc 
weight 
Effect Est. Std. error Effect Var. 
Std. 
dev. 
    
AlOH group content 13.04 5.45 
   Fe
3+
 content + Fe
3+
  1254.22 6.25 0.014 Intercept 16.93 3.77 Camera : Session 2.95 1.72 
composition 
   
Fe
3+
 content -6.84 1.47 Session 1.34 1.16 
    
Fe
3+
 composition -5.64 1.87 
   
Silica + Fe
3+
 content + kaolin  1254.88 6.91 0.010 Intercept 45.84 11.94 Camera : Session 2.91 1.70 
group index 
   
Silica -11.57 5.90 Session 1.28 1.13 
    
Fe
3+
 content -7.11 1.46 
   
    
Kaolin group index -22.33 10.32 
   
Fe
2+
 index + kaolin group  1254.99 7.02 0.010 Intercept 50.48 11.19 Camera : Session 2.91 1.71 
index 
   
Fe
2+
 index -37.05 7.62 Session 1.28 1.13 
    
Kaolin group index -23.63 10.11 
   
Silica  + Fe
2+
 index + kaolin  1255.78 7.81 0.006 Intercept 57.12 12.53 Camera : Session 2.89 1.70 
group index 
   
Silica -6.70 5.85 Session 1.26 1.12 
    
Fe
2+
 index -36.39 7.60 
   
    
Kaolin group index -21.24 10.20 
   
Fe
2+
 index + AlOH group  1256.12 8.15 0.005 Intercept -0.30 15.24 Camera : Session 2.93 1.71 
content 
   
Fe
2+
 index -32.58 8.07 Session 1.28 1.13 
    
AlOH group content 11.79 5.64 
   
Fe
3+
 content + AlOH group  1256.15 8.18 0.005 Intercept -24.15 12.11 Camera : Session 2.96 1.72 
content 
   
Fe
3+
 content -6.03 1.50 Session 1.30 1.14 
    
AlOH group content 14.73 5.49 
   
Silica + Fe
2+
 index + AlOH  1256.31 8.34 0.005 Intercept 12.27 17.39 Camera : Session 2.89 1.70 
group content 
   
Silica -7.99 -1.40 Session 1.25 1.12 
    
Fe
2+ 
index -32.02 -4.01 
   
    
AlOH group content 10.96 1.97 Camera : Session 2.99 1.73 
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        Fixed effects Random effects 
Model AICc ∆AICc 
AICc 
weight 
Effect Est. Std. error Effect Var. 
Std. 
dev. 
Fe
3+
 content + kaolin group  1256.62 8.65 0.004 Intercept 33.04 9.92 Camera : Session 2.97 1.73 
index 
   
Fe
3+
 content -6.86 1.47 Session 1.32 1.15 
    
Kaolin group index -26.45 10.13 
   
Silica + Fe
3+
 content 1257.48 9.51 0.003 Intercept 28.34 8.78 Session 1.33 1.15 
    
Silica -14.14 5.85 
   
    
Fe
3+
 content -7.26 1.48 
   
Silica + Fe
2+
 index 1257.97 10.00 0.002 Intercept 41.10 10.01 Camera : Session 2.96 1.72 
    
Silica -9.14 5.82 Session 1.30 1.14 
    
Fe
2+
 index -37.42 7.72 
   
F
2+
 index 1258.37 10.4 0.002 Intercept 29.04 6.33 Camera : Session 3.01 1.74 
    
Fe
2+
 index -38.49 -4.98 Session 1.33 1.16 
Fe
3+
 content 1261.23 13.26 <0.001 Intercept 7.90 2.26 Camera : Session 3.10 1.76 
    
Fe
3+
 content -6.98 1.50 Session 1.39 1.18 
Fe
3+
 composition + AlOH  1261.91 13.94 <0.001 Intercept -35.28 11.49 Camera : Session 2.98 1.73 
group content 
   
Fe
3+
 composition -6.09 1.86 Session 1.31 1.15 
    
AlOH group content 20.55 5.41 
   
Silica + AlOH group content 1270.28 22.31 <0.001 Intercept -26.51 0.001 Camera : Session 3.14 1.77 
    
Silica -9.62 0.001 Session 1.45 1.20 
    
AlOH group content 18.09 0.001 
   
AlOH group content 1270.44 22.47 <0.001 Intercept -43.46 11.44 Camera : Session 3.16 1.78 
    
AlOH group content 19.69 5.49 Session 1.39 1.18 
Fe
3+
 composition + kaolin  1270.61 22.64 <0.001 Intercept 30.03 10.33 Camera : Session 3.12 1.77 
group index 
   
Fe
3+
 composition -5.93 1.90 Session 1.40 1.19 
    
Kaolin group index -24.78 10.51 
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        Fixed effects Random effects 
Model AICc ∆AICc 
AICc 
weight 
Effect Est. Std. error Effect Var. 
Std. 
dev. 
Fe
3+
 composition 1274.18 26.21 <0.001 Intercept 6.98 0.001 Camera : Session 3.24 1.80 
    
Fe
3+
 composition -5.81 0.001 Session 1.48 1.22 
Kaolin group index 1276.61 28.64 <0.001 Intercept 23.11 9.66 Camera : Session 3.25 1.80 
    
Kaolin group index -26.78 10.10 Session 1.46 1.21 
Silica 1279.65 31.68 <0.001 Intercept 13.29 8.23 Camera : Session 3.31 1.82 
    
Silica -11.17 5.81 Session 1.49 1.22 
 
